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ABSTRACT 
Scour is defined as the etosion of streambed around an obstruction in a flow field. The 
amount of reduction in the -streambed level below the bed level of the river prior to the 
commencement of scour is referred as the scour depth. A scour hole is defined as 
depression left behind when sediment is washed away from the riverbed in the vicinity of 
the structure. 
The local scour has the potential to threaten the structural integrity of bridge piers, 
ultimately causing failure when the foimdation of the pier is undermined. Besides the 
himian loss, bridge failures cost millions of dollars in direct expenditure for replacement 
and restoration in addition to the indirect expenditure related to the disruption of 
transportation facilities. A series of recent bridge failures due to pier scour, as reported by 
Wardhana and Hadipriono (2003), S.Dey and Barbhuiya (2004) and Hoffinans and 
Verheij (1997), rekindled interest in fiirthering for developing improved ways of 
estimating the maximum scour depth and protectmg bridges against the ravages of scour. 
An exhaustive amount of literature which exists on local scour reveals that the problem of 
local scour around bridge pier received a lot of attention in the past from theoretical and 
practical point of view in an attempt to quantify the equilibrium depth of scour. However, 
among the large number of experimental and field studies, {e.g., Laursen and Toch 
(1956), Chabert and Engeldinger (1956), Chew (1984), Raudkivi (1998), Ettema (1980), 
Melville and Sutherland (1988), Mostafa (1998) and Johnson (1995) etc.), the problem of 
scour around a single pier has been mainly focused and more meticulously investigated 
than the problem of scourmg aroimd hydraulically interacting multiple piers. A scanty 
amount of literature on pier group scour is available [e.g., Hannah (1978), Elliott and 
Nicollet (1978) and Zarrati et. al. (2004,2006)]. 
In the case of pier group scour, the presence of several piers can generate a more complex 
interaction in the hydrodynamic characteristics of the flow field near the piers themselves 
and therefore, the flow pattern in the charmel around the piers gets changed significantly 
and lead to the occurrence and development of a scour process that is quite different from 
one which occurs around a single pier. This interaction is particularly evident when the 
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bridge is not perpendicular to the river flow. Hannah (1978) studied the local scour at 
piers group and recognized four mechanisms of scour (e.g., reinforcing, sheltering, shed 
vortices and compressed horseshoe vortices) to occur which make the scour phenomenon 
more complex and which can modify the depth and shape of the scour hole around the 
piers. 
Therefore, if a bridge pier is merely designed and constructed considering as a single 
pier, it may lead to the bridge failure because mutual interference of several piers can 
enhance the scour depth at the piers. In these perspectives, to ensure the stability of the 
bridge piers, the need of a study on the effect of mutual interference of bridge piers on 
local scour assumes immense significance which is the subject of present study. 
Many situations, which are common in the field where the bridge pier groups are founded 
in the riverbed in different patterns of arrangements, are worth mentioning. 
Due to rapid urbanization and increased traffic volume, it is often required to construct 
new bridges across the rivers in the proximity of the already existing bridge. There are 
limitations of spacing between existing and new bridges due to the problem of land 
acquisition. In that context, the scour depth and bed configuration pattern around the 
existing and new bridges need to be examined. Furthermore, for geo-technical and 
economical reasons, pier groups have been more and more popular in bridge design. 
A bridge across a river is usually supported on a number of piers placed along its span 
where piers are located in a direction normal to the flow at some finite spacing. Two or 
more number of piers are often placed in line with the flow along width of a bridge. 
Railway tracks and highways are often constructed side by side across the same river 
such that they are located at some short distance apart. When the river runs through 
downtown in cities, which are subjected to an increase in population, the existing bridges 
constructed across the river become inadequate for traffic movement owing to an mcrease 
in traffic volume. This results in fi-equent traffic jams and traffic movement is halted, 
some times for hours together jeopardizing the whole transport system and causing untold 
miseries to the people. The stranded transport has to wait for traffic clearance to reach to 
their destination, which causes delay in achieving their goals. As a result this adversely 
affects the development of the coimtry and causes enormous economical losses to the 
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people. In such eventuality, therefore, construction of new bridges for people movement, 
industrial production etc become imminent and the new bridges are often constructed at 
very short distances to facilitate the efficient and smooth traffic movement. A number of 
piers are also provided in the construction of hydraulic structures like an aqueduct to 
support the trough carrying canal water from one end of the drain to the other. Electricity 
and telephone lines are often carried across the river wherein electric and telephone polls 
are founded in the riverbed on a group of piers. 
In the background of aforementioned field conditions, different arrangements of piers 
such as tandem, transverse and staggered, have been identified as study area to 
accomplish the major objectives of this research using experimental approach. 
In order to study the effects of mutual interference of piers on local scour, a series of 
clear-water scour experiments has been conducted considering different patterns of pier 
arrangement and relationships have been developed for the estimation of scour depth at 
group of piers. 
In the present investigation, experiments were conducted in a 12.0 m long, 0.756 m wide 
and 0.55 m deep, glass sided re-circulating rectangular tilting flume under steady uniform 
flow clear-water scour conditions. Non-ripple forming uniform sediment was used as bed 
material since, according to Breusers and Raudkivi (1991), ripples do not form at median 
sediment diameter d^^ >0.7. The bed material used in present experiments is considered 
uniform as the geometric standard deviation dgA I I of the material is less than •'84 1 
1/2 
1.3-1.5. The experiments were conducted at flow intensity —^ = 0.95 since according to 
Raudkivi and Ettema (1977a, b), for non rippling sediments, clear-water scour experiments 
can run successfiiUy with a flow condition ^^=0.95. Average flow depth y^of 140 mm 
was chosen in accordance to the statement of most researchers that the influence of flow 
depth can be neglected if the ratio of flow depth to pier width — >2 to 3. Experiments 
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were first conducted on a single pier of diameter (b) 33 mm to form a basis against which 
the effect of mutual interference of bridge piers configured in different arrangements could 
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be evaluated. The pier sizes were chosen in accordance to Melville and Sutherland (1988) 
and Melville (1997) where they showed that the scour depth in uniform sediment is 
independent of sediment size when sediment coarseness ratio—>25. Next, a series of 
experiments on piers of same diameter as that of single pier, placed in tandem, lateral and 
staggered arrangement at varied pier spacings, was conducted. Then a series of experiments 
on a group of piers placed at constant angle of attack (45°) and varied radial pier spacings 
from 0 to 12 times the pier diameter was considered. Next, a series of experiments with 
constant radial (R) spacing and varied angles of attack from 0° to 90°, was conducted. A 
series of experiments was also conducted for two cases of tandem arrangement using two 
different sizes of piers (33 mm and 66 mm diameter), by placing larger diameter pier at 
front and smaller diameter pier at rear in first case and smaller diameter pier at front and 
larger diameter pier at rear in the second case respectively. The selection of the sizes of two 
piers was made just on a trial basis to get pier size ratios of 2 and 0.5 for the case first and 
second respectively. The basis of use of two different size piers is the recent technological 
advancement due to which narrow piers are being preferred and constructed in order to 
achieve ecoiwmy. Prior to the experiments on group of piers of different sizes placed in 
tandem arrangement, a series of experiments was conducted on larger diameter (66 mm) 
single pier to form a basis against which the effect of mutual interference of piers could be 
evaluated. In the last phase, experiments were conducted on group of piers with and without 
collar. A group of piers comprising of cylinders of varied sizes (21.5 mm to 46 mm 
diameter) with and without collar and aUgned to the flow at angles of attack from 0° to 30°, 
was tested to investigate the use of piers group for scour depth reduction. The selection of 
different pier sizes for this pier group was made considering the limitation of constriction 
ratio as suggested by Shen et. al. (1966) in order to avoid the block^e effect of pier group 
on local scour. As Raudkivi (1986) in discussing effects of pier alignment also states that 
the use of cylindrical columns would produce a shallower scour as compared to a solid pier, 
a group of two circular piers (41.5 mm diameter) separated at clear spacing of two pier 
diameter for varied angles of attack to the flow from 0° to 90° vsdth and without collar, was 
tested to investigate the efficacy of this pier group in reduction of scour depth as compared 
to the use of a round-nosed rectangular pier of same length to width ratio (4:1) under same 
flow and sediment conditions. 
Extensive data on local scour for different pier arrangements along with the group of 
piers with and without collar were collected for use in the modeling approach developed 
herein. The data, like, scour depth, areal extent of scour, scour depth profiles along flow 
direction and across the flow, were measured and recorded. Further the data on lengths 
and slopes of scour holes at upstream and downstream face of piers, width of scour holes, 
length of sediment deposition at downstream face of piers and temporal scour depth 
variation collected in present experimental programme, were analyzed to evaluate the 
mutual interference of bridge piers on local scour. Scour and deposition features 
developed by the flow after completion of the test, were also photographed. 
As the analytical prediction of pier group local scour is very difficult due to complex 
nature of flow patterns occurring around the piers, two different modeling approaches 
namely, graphical relationships based approach and ANN based approach, have been 
developed and implemented. 
The first approach predicts and analyses the various elements of pier group scour using 
graphical relationships. This approach considers the graphical presentation of the effect 
of pier spacing along and across the flow direction and angle of attack of flow, on various 
elements of pier group scour. 
The second approach involves the use of a non-parametric ANN technique based on feed 
forward back propagation neural network (BPNN) for establishing relationships between 
pier spacing or angle of attack (the angle between flow direction and the line joining 
centre of piers) and scour depth. The ANNs could be trained with sufficient accuracy by 
using only one input variable viz. pier spacing or angle of attack. The results from both 
experimental based approach as well as ANN based approach were found to be in close 
agreement with each other (R^~0.96-0.99). 
ANN models are developed using feed forward back propagation learning algorithm in 
MATLAB neural network toolbox. Application of ANN on author's experimental data 
produces good estimate of scour depth at pier groups arranged in different patterns and 
these results are well comparable with existing published data of Hannah (1978), Chabert 
and Engeldinger (1956) and Richardson et. al. (1993). The results reveal that for training 
and testing sets, all the neural networks trained, produced higher R^  and lower RMSE 
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values of the order ~ 0.99. Also, almost all the neural networks trained required relatively 
equal number of iterations to reach the global minima. The correlation coefficient R^ 
between observed and ANN estimated scour depths represents the predictive ability of 
ANN models. Understanding and analyzing the effect of factors, like pier spacing 
between the piers or angles of attack of flow, to evaluate their effect on scour depth to 
accurately and effectively estimate the scour depth and other scour characteristics was the 
main focus of this research. 
Based on the experimental results achieved in present research on pier group scour, 
significant effect of mutual interference of piers on local scour is found. In the case of 
tandem arrangement, when a group of two identical circular piers is placed at pier 
spacing of 1.5 times the pier diameter, the scour depth of front pier gets enhanced by 17 
% as compared to the scour depth of an isolated pier whereas placement of it at pier 
spacing of 12.5 times the pier diameter causes a reduction of 33% in scour depth of rear 
pier. When a group of three identical circular piers are placed in tandem arrangement, the 
scour depth of front pier increases by 11% whereas at rear pier gets reduced by about 
33.5%, as compared to that of a single pier. The scour depth at middle pier is about 
15.5% higher than that of the rear pier. In the case of a group of two different size piers 
placed in tandem arrangement (such that larger pier is placed at front and smaller one at 
rear), scour depth at larger pier corresponding to the scour depth of an isolated larger 
pier, gets enhanced by 8%. However, scour depth at smaller pier corresponding to the 
scour depth of an isolated smaller pier becomes 0.57 times lower at pier spacing of 35 
times the pier diameter The scour depth at smaller pier relative to that of an isolated 
larger pier becomes 0.33 times of that occurs at 66 mm isolated pier. When a group of 
two different size piers is placed in tandem arrangement such that smaller pier is placed 
at front and larger one at rear, scour depth at smaller pier at zero pier spacing increases by 
28.5 % as compared to that at an isolated smaller pier, however, the scour depth at larger 
pier as compared to the scour depth at an isolated larger pier, gets reduced by 23% at the 
same pier spacmg. The scour depth at larger pier as compared to an isolated larger pier 
gets reduced by 37% at pier spacing of 5 times the diameter of smaller pier. 
When a group of two identical circular piers is placed in lateral arrangement (normal to the 
direction of flow) at zero pier spacing, scour depth is 1.95 times of that occurs at an isolated 
pier. Though, the scour depth of two piers rapidly decreases at pier spacing of one pier 
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diameter, nevertheless it remains 21 % higher than that of an isolated pier. At lateral pier 
spacing of 8 times the pier diameter, although, the scour depth at two piers becomes same as 
that of an isolated pier, however, the sizes of the scour holes are not identical to that for an 
isolated pier. 
In case of a group of three piers placed in staggered pattern, scour depth at upstream and 
downstream piers gets increased by 40.5% and 12.5% as compared to that at an isolated 
pier respectively. 
At group of two piers aligned at 45° to the flow at zero radial pier spacing, the scour depth 
gets enhanced by 12% as compared to that occurs at the group of two piers aligned normal 
to the flow at zero radial pier spacing. However, when the radial pier spacing between the 
two piers increases to one pier diameter, the scour depths at front and rear piers gets 
enhanced by 35% and 38% respectively as compared to that occur at an isolated pier 
respectively. 
When the group of two piers having a clear radial pier spacing of 4 times the pier 
diameter, are aUgned at an angle of 0° to the flow, scour depth at front and rear piers 
equals to 1.1 and 0.96 times of that occur at an isolated pier. When angle of attack of 
flow becomes 45°, scour depths at front and rear piers get enhanced by 17.4% and 24.1% 
as compared to the scour depth of an isolated pier. At 90° angle of attack, the scour 
depths of two piers become equal but are still 4.5% higher than that at an isolated pier. 
These fmdings acquired in present investigation suggest that the group effect of piers on 
local scour is highly significant and should be properly incorporated in the pier design. 
A major contribution of this study is the experimental description of method of scour 
depth reduction by applying a collar around group of piers. Enthusiastic results are 
obtained for pier protection against local scour by the application of collar around group 
of piers comprising of varying sized cylinders. These experimental resuhs are found in 
good agreement when compared with the published data of Chabert and Engeldinger 
(1956). Also, replacement of a rectangular pier with a group of piers is experimentally 
investigated for economical design of pier by saving the material and reducing the depth 
of scour and the experimental resuhs so obtained, are well comparable with the published 
experimental data of Zarrati et. al. (2004, 2006). 
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When a pier group comprising of varied sizes of piers without collar is tested at 0° angle, 
a reduction of 44% in the scour depth as compared to an isolated pier of diameter equal to 
the diameter of the largest cylinder used in this pier group, is achieved. The use of this 
pier group without collar upto an angle of 10° to the flow proves to be very effective as its 
use reduces the scour depth by 33% as compared to an isolated pier of diameter equal to 
the diameter of largest pier diameter used in this pier group. It is worthwhile to mention 
that the use of this pier group without collar produces 43 % reduction in scour depth upto 
7.5° angle, 30% at 15° angle and 4.5 % at 30° angle as compared to the round-nosed 
rectangular pier of same length to width ratio as that of this pier group. Application of 
collar aroimd this pier group leads to 100% reduction in the scour depth upto 7.5° angle 
of attack. However, as the angle of attack increases, the percent reduction in scour depth 
decreases and reaches to 42% at an angle of 30°. These results are in perfect agreement 
with the fmdings of Chabert and Engeldinger (1956). 
Utilization of a group of two 41.5 mm diameter circular piers with clear spacmg of 2 pier 
diameter between them without collar at 0° angle enhances the scour depth of front pier 
by 10% as compared to that of an isolated pier while at 45° angle, scour depth of front 
pier gets increased by 17.7%. At 90° angle, the scour depth at the two piers is found about 
16% higher than that of an isolated pier. 
Application of a collar to this pier group at angles of attack of flow 0° to 90° yields 
excellent results at smaller angles of attack. The maximum reduction in scour depth with 
collar relative to that without collar at 0° angle is found to be78.57%. However, an 
increase in angle of attack reduces the efficiency of collar in reducing the scour depth. At 
angle of 90°, the percent reduction remains only 23.07%. These results are well 
comparable with the fmdings of Zarrati et. al (2006). Use of this pier group without 
collar at 0° angle produces a scour depth about 0.89 times of that occur at an isolated 
round-nosed rectangular pier of the same length to width ratio as that of the pier group. 
The results of this study constitute a methodology for realistic estimation of scour depth 
at group of bridge piers and impact of mutual interference of bridge piers on local scour. 
The study is expected to provide a valuable record and practical guidance for tackling the 
problems of pier group local scour. 
Synopsis of thesis 
Chapter-I presents the introduction of the research carried out in this thesis. In Chapter-II, 
the background and current state of knowledge of scour, temporal development of scour 
and literature related to the use of various scour countermeasures including a collar for 
pier scour mitigation are covered. Chapter-Ill gives a description of the experimental 
apparatus, models and procedures. Chapter-IV presents the technique of Artificial Neural 
Network (ANN) which is used for modeling in this thesis. The graphical representation 
based analysis of the results generated through experimental program is presented in 
Chapter V. The analysis of results based on Artificial Neural Network approach is 
presented in Chapter VI. Finally, the principal conclusions drawn from the results of the 
study and scope for further studies are presented in Chapter-VII. The summary of flow 
parameters used in this study and exhaustive experimental data gathered from present 
investigation is presented in Appendices I-VII. 
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ABSTRACT 
Scour is defined as the erosion of streambed around an obstruction in a flow field. The 
amount of reduction in the streambed level below the bed level of the river prior to the 
commencement of scour is referred as the scour depth. A scour hole is defined as 
depression left behind when sediment is washed away from the riverbed in the vicinity of 
the structure. 
The local scour has the potential to threaten the structural integrity of bridge piers, 
ultimately causing failure when the foundation of the pier is undermined. Besides the 
human loss, bridge failures cost millions of dollars in direct expenditure for replacement 
and restoration in addition to the mdirect expenditure related to the disruption of 
transportation facilities, A series of recent bridge failures due to pier scour, as reported by 
Wardhana and Hadipriono (2003), S.Dey and Barbhuiya (2004) and Hoffmans and 
Verheij (1997), rekindled interest in fiirthering for developing improved ways of 
estimatii^ the maximum scour depth and protecting bridges j^ainst the ravages of scour. 
An exhaustive amount of literature which exists on local scour reveals that the problem of 
local scour around bridge pier received a lot of attention in the past from theoretical and 
practical point of view in an attempt to quantify the equilibrium depth of scour. However, 
among the large number of experimental and field studies, (e.g., Laursen and Toch 
(1956), Chabert and Engeldinger (1956), Chew (1984), Raudkivi (1998), Ettema (1980), 
Melville and Sutherland (1988), Mostafa (1998) and Johnson (1995) etc.), the problem of 
scour around a single pier has been mainly focused and more meticulously investigated 
than the problem of scouring around hydraulically interacting multiple piers. A scanty 
amount of literature on pier group scour is available [e.g., Hannah (1978), Elliott and 
Nicollet (1978) and Zarrati et. al. (2004, 2006)]. 
In the case of pier group scour, the presence of several piers can generate a more complex 
interaction in the hydrodynamic characteristics of the flow field near the piers themselves 
and therefore, the flow pattern in the channel around the piers gets changed significantly 
and lead to the occurrence and development of a scoiir process that is quite different from 
one which occurs around a single pier. This interaction is particularly evident when the 
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bridge is not perpendicular to the river flow. Hannah (1978) studied the local scour at 
piers group and recognized four mechanisms of scour {e.g., reinforcing, sheltering, shed 
vortices and compressed horseshoe vortices) to occur which make the scour phenomenon 
more complex and which can modify the depth and shape of the scour hole around the 
piers. 
Therefore, if a bridge pier is merely designed and constructed considering as a single 
pier, it may lead to the bridge failure because mutual interference of several piers can 
enhance the scour depth at the piers. In these perspectives, to ensure the stability of the 
bridge piers, the need of a study on the effect of mutual interference of bridge piers on 
local scour assumes immense significance which is the subject of present study. 
Many situations, which are common in the field where the bridge pier groups are founded 
in the riverbed in different patterns of arrangements, are worth mentioning. 
Due to rapid urbanization and increased traffic volume, it is often required to construct 
new bridges across the rivers in the proximity of the abeady existing bridge. There are 
limitations of spacing between existing and new bridges due to the problem of land 
acquisition. In that context, the scour depth and bed configuration pattern around the 
existing and new bridges need to be examined. Furthermore, for geo-technical and 
economical reasons, pier groups have been more and more popular in bridge design. 
A bridge across a river is usually supported on a number of piers placed along its span 
where piers are located in a direction normal to the flow at some finite spacing. Two or 
more number of piers are often placed in line with the flow along width of a bridge. 
Railway tracks and highways are often constructed side by side across the same river 
such that they are located at some short distance apart. When the river runs through 
downtown in cities, which are subjected to an increase in population, the existing bridges 
constructed across the river become inadequate for traffic movement owing to an increase 
in traffic volume. This results in fi-equent traffic jams and traffic movement is halted, 
some times for hours together jeopardizing the whole transport system and causmg untold 
miseries to the people. The stranded transport has to wait for traffic clearance to reach to 
their destination, which causes delay in achieving their goals. As a result this adversely 
affects the development of the country and causes enormous economical losses to the 
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people. In such eventuality, therefore, construction of new bridges for people movement, 
industrial production etc become imminent and the new bridges are often constructed at 
very short distances to facilitate the efficient and smooth traffic movement. A number of 
piers are also provided in the construction of hydraulic structures like an aqueduct to 
support the trough carrying canal water from one end of the drain to the other. Electricity 
and telephone lines are often carried across the river wherein electric and telephone polls 
are founded in the riverbed on a group of piers. 
In the backgroimd of aforementioned field conditions, different arrangements of piers 
such as tandem, transverse and staggered, have been identified as study area to 
accomplish the major objectives of this research using experimental approach. 
In order to study the effects of mutual interference of piers on local scour, a series of 
clear-water scour experiments has been conducted considermg different patterns of pier 
arrai^ement and relationships have been developed for the estimation of scour depth at 
group of piers. 
In the present investigation, experiments were conducted in a 12.0 m long, 0.756 m wide 
and 0.55 m deep, glass sided re-circulating rectangular tilting flume under steady uniform 
flow clear-water scour conditions. Non-ripple forming uniform sediment was used as bed 
material since, according to Breusers and Raudkivi (1991), ripples do not form at median 
sedunent diameter d^^ >0.7. The bed material used in present experiments is considered 
uniform as the geometric standard deviation ^841 of the material is less than 
1.3-1.5. The experiments were conducted at flow intensity —^= 0.95 since according to 
Raudkivi and Ettema (1977a, b), for non rippling sediments, clear-water scour experiments 
can run successfiilly with a flow condition ^ -=0 .95 . Average flow depth y^oi^ 140 mm 
was chosen in accordance to the statement of most researchers that the influence of flow 
depth can be neglected if the ratio of flow depth to pier width —^>2 to 3. Experiments 
b 
were first conducted on a single pier of diameter (b) 33 mm to form a basis against which 
the effect of mutual interference of bridge piers configured in different arrangements could 
be evaluated. The pier sizes were chosen in accordance to Melville and Sutherland (1988) 
and Melville (1997) where they showed that the scour depth in uniform sediment is 
independent of sediment size when sediment coarseness ratio—>25. Next, a series of 
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experiments on piers of same diameter as that of single pier, placed in tandem, lateral and 
staggered arrangement at varied pier spacings, was conducted. Then a series of experiments 
on a group of piers placed at constant angle of attack (45°) and varied radial pier spacings 
from 0 to 12 times the pier diameter was considered. Next, a series of experiments with 
constant radial (R) spacing and varied angles of attack from 0° to 90°, was conducted. A 
series of experiments was also conducted for two cases of tandem arrangement using two 
different sizes of piers (33 mm and 66 mm diameter), by placing larger diameter pier at 
front and smaller diameter pier at rear in first case and smaller diameter pier at front and 
larger diameter pier at rear in the second case respectively. The selection of the sizes of two 
piers was made just on a trial basis to get pier size ratios of 2 and 0.5 for the case first and 
second respectively. The basis of use of two different size piers is the recent technological 
advancement due to which narrow piers are being preferred and constructed in order to 
achieve economy. Prior to the experiments on group of piers of different sizes placed in 
tandem arrangement, a series of experiments was conducted on larger diameter (66 mm) 
single pier to form a basis against which the effect of mutual interference of piers could be 
evaluated. In the last phase, experiments were conducted on group of piers with and without 
collar. A group of piers comprising of cylinders of varied sizes (21.5 mm to 46 mm 
diameter) with and without collar and aligned to the flow at angles of attack from 0° to 30°, 
was tested to investigate the use of piers group for scour depth reduction. The selection of 
different pier sizes for this pier group was made considering the limitation of constriction 
ratio as suggested by Shen et. al. (1966) in order to avoid the blockage effect of pier group 
on local scour. As Raudkivi (1986) in discussing effects of pier alignment also states that 
the use of cylindrical columns would produce a shallower scour as compared to a solid pier, 
a group of two circular piers (41.5 mm diameter) separated at clear spacing of two pier 
diameter for varied angles of attack to the flow from 0° to 90° with and without collar, was 
tested to investigate the efficacy of this pier group in reduction of scour depth as compared 
to the use of a round-nosed rectangular pier of same length to width ratio (4.1) under same 
flow and sediment conditions. 
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Extensive data on local scour for different pier arrangements along with the group of 
piers with and without collar were collected for use in the modeling approach developed 
herein. The data, like, scour depth, areal extent of scour, scour depth profiles along flow 
direction and across the flow, were measured and recorded. Further the data on lengths 
and slopes of scour holes at upstream and downstream face of piers, width of scour holes, 
length of sediment deposition at downstream face of piers and temporal scour depth 
variation collected in present oqjerimental programme, were analyzed to evaluate the 
mutual interference of bridge piers on local scour. Scour and deposition features 
developed by the flow after completion of the test, were also photographed. 
As the analytical prediction of pier group local scour is very difficult due to complex 
nature of flow patterns occurring around the piers, two different modeling approaches 
namely, graphical relationships based approach and ANN based approach, have been 
developed and implemented. 
The first approach predicts and analyses the various elements of pier group scour using 
graphical relationships. This approach considers the graphical presentation of the effect 
of pier spacing along and across the flow direction and angle of attack of flow, on various 
elements of pier group scour. 
The second approach involves the use of a non-parametric ANN technique based on feed 
forward back propagation neural network (BPNN) for establishing relationships between 
pier spacing or angle of attack (the angle between flow direction and the line joining 
centre of piers) and scour depth. The ANNs could be trained with sufficient accuracy by 
using only one input variable viz. pier spacing or angle of attack. The results fi-om both 
experimental based approach as well as ANN based approach were foimd to be in close 
agreement with each other (R^~0.96-0.99). 
ANN models are developed using feed forward back propagation learning algorithm in 
MATLAB neural network toolbox. Application of ANN on author's experimental data 
produces good estimate of scour depth at pier groups arranged in different patterns and 
these results are well comparable with existing published data of Hannah (1978), Chabert 
and Engeldinger (1956) and Richardson et. al. (1993). The results reveal that for training 
and testing sets, all the neural networks trained, produced higher R^ and lower RMSE 
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values of the order ~ 0.99. Also, almost all the neural networks trained required relatively 
equal number of iterations to reach the global minima. The correlation coefficient R 
between observed and ANN estimated scour depths represents the predictive ability of 
ANN models. Understanding and analyzing the effect of fectors, like pier spacing 
between the piers or angles of attack of flow, to evaluate their effect on scour depth to 
accurately and effectively estimate the scour depth and other scour characteristics was the 
main focus of this research. 
Based on the experimental results achieved in present research on pier group scour, 
significant effect of mutual interference of piers on local scour is found. In the case of 
tandem arrangement, when a group of two identical circular piers is placed at pier 
spacing of 1.5 tunes the pier diameter, the scour depth of front pier gets enhanced by 17 
% as compared to the scour depth of an isolated pier whereas placement of it at pier 
spacing of 12.5 times the pier diameter causes a reduction of 33% in scour depth of rear 
pier. When a group of three identical circular piers are placed in tandem arrangement, the 
scour depth of front pier increases by 11% whereas at rear pier gets reduced by about 
33.5%, as compared to that of a single pier. The scour depth at middle pier is about 
15.5% higher than that of the rear pier. In the case of a group of two different size piers 
placed in tandem arrangement (such that larger pier is placed at front and smaller one at 
rear), scour depth at larger pier corresponding to the scour depth of an isolated larger 
pier, gets enhanced by 8%. However, scour depth at smaller pier corresponding to the 
scour depth of an isolated smaller pier becomes 0.57 times lower at pier spacing of 35 
times the pier diameter The scour depth at smaller pier relative to that of an isolated 
larger pier becomes 0.33 times of that occurs at 66 mm isolated pier. When a group of 
two different size piers is placed in tandem arrangement such that smaller pier is placed 
at front and larger one at rear, scour depth at smaller pier at zero pier spacing increases by 
28.5 % as compared to that at an isolated smaller pier, however, the scour depth at larger 
pier as compared to the scour depth at an isolated larger pier, gets reduced by 23% at the 
same pier spacing. The scour depth at larger pier as compared to an isolated larger pier 
gets reduced by 37% at pier spacing of 5 times the diameter of smaller pier. 
When a group of two identical circular piers is placed in lateral arrangement (normal to the 
direction of flow) at zero pier spacing, scour depth is 1.95 times of that occurs at an isolated 
pier. Though, the scour depth of two piers rapidly decreases at pier spacing of one pier 
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diameter, nevertheless it remains 21 % higher than that of an isolated pier. At lateral pier 
spacing of 8 times the pier diameter, although, the scour depth at two piers becomes same as 
that of an isolated pier, however, the sizes of the scour holes are not identical to that for an 
isolated pier. 
In case of a group of three piers placed in staggered pattern, scour depth at upstream and 
downstream piers gets increased by 40.5% and 12.5% as compared to that at an isolated 
pier respectively. 
At group of two piers aligned at 45° to the flow at zero radial pier spacing, the scour depth 
gets enhanced by 12% as compared to that occurs at the group of two piers aligned normal 
to the flow at zero radial pier spacing. However, when the radial pier spacing between the 
two piers increases to one pier diameter, the scour depths at front and rear piers gets 
enhanced by 35% and 38% respectively as compared to that occur at an isolated pier 
respectively. 
When the group of two piers having a clear radial pier spacing of 4 times the pier 
diameter, are aligned at an angle of 0° to the flow, scour depth at front and rear piers 
equals to 1.1 and 0.96 times of that occur at an isolated pier. When angle of attack of 
flow becomes 45°, scour depths at front and rear piers get enhanced by 17.4% and 24.1% 
as compared to the scour depth of an isolated pier. At 90° angle of attack, the scour 
depths of two piers become equal but are still 4.5% higher than that at an isolated pier. 
These findings acquired in present investigation suggest that the group effect of piers on 
local scour is highly significant and should be properly incorporated in the pier design. 
A major contribution of this study is the experimental description of method of scour 
depth reduction by applying a collar around group of piers. Enthusiastic results are 
obtained for pier protection against local scour by the application of collar around group 
of piers comprising of varying sized cylinders. These experimental results are found in 
good agreement when compared with the published data of Chabert and Engeldinger 
(1956). Also, replacement of a rectangular pier with a group of piers is experimentally 
investigated for economical design of pier by saving the material and reducing the depth 
of scour and the experimental results so obtained, are well comparable with the published 
experimental data of Zarrati et. al. (2004, 2006). 
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When a pier group comprising of varied sizes of piers without collar is tested at 0° angle, 
a reduction of 44% in the scour depth as compared to an isolated pier of diameter equal to 
the diameter of the largest cylinder used in this pier group, is achieved. The use of this 
pier group without collar upto an angle of 10° to the flow proves to be very effective as its 
use reduces the scour depth by 33% as compared to an isolated pier of diameter equal to 
the diameter of largest pier diameter used in this pier group. It is worthwhile to mention 
that the use of this pier group without collar produces 43 % reduction in scour depth upto 
7.5° angle, 30% at 15° angle and 4.5 % at 30° angle as compared to the round-nosed 
rectangular pier of same length to width ratio as that of this pier group. Application of 
collar around this pier group leads to 100% reduction in the scour depth upto 7.5° angle 
of attack. However, as the angle of attack increases, the percent reduction in scour depth 
decreases and reaches to 42% at an angle of 30°. These results are in perfect agreement 
with the findings of Chabert and Engeldinger (1956). 
Utilization of a group of two 41.5 mm diameter circular piers with clear spacing of 2 pier 
diameter between them without collar at 0° angle enhances the scour depth of front pier 
by 10% as compared to that of an isolated pier while at 45° angle, scour depth of front 
pier gets increased by 17.7%. At 90° angle, the scour depth at the two piers is found about 
16% higher than that of an isolated pier. 
Application of a collar to this pier group at angles of attack of flow 0° to 90° yields 
excellent results at smaller angles of attack. The maximum reduction in scour depth with 
collar relative to that without collar at 0° angle is found to be78.57%. However, an 
increase in angle of attack reduces the efficiency of collar in reducing the scour depth. At 
angle of 90°, the percent reduction remains only 23.07%. These results are well 
comparable with the findings of Zarrati et. al. (2006). Use of this pier group without 
collar at 0° angle produces a scour depth about 0.89 times of that occur at an isolated 
round-nosed rectangular pier of the same length to width ratio as that of the pier group. 
The results of this study constitute a methodology for realistic estimation of scour depth 
at group of bridge piers and impact of mutual interference of bridge piers on local scour. 
The study is expected to provide a valuable record and practical guidance for tackling the 
problems of pier group local scour. 
Synopsis of thesis 
Chapter-I presents the introduction of the research carried out in this thesis. In Chapter-II, 
the background and current state of knowledge of scour, temporal development of scour 
and literature related to the use of various scour countermeasures including a collar for 
pier scour mitigation are covered. Chapter-Ill gives a description of the experimental 
apparatus, models and procedures. Chapter-I V presents the technique of Artificial Neural 
Network (ANN) which is used for modeling in this thesis. The graphical representation 
based analysis of the results generated through experimental program is presented in 
Chapter V. The analysis of results based on Artificial Neural Network approach is 
presented in Chapter VI. Finally, the principal conclusions drawn from the results of the 
study and scope for further studies are presented in Chapter-VII. The summary of flow 
parameters used in this study and exhaustive experimental data gathered from present 
investigation is presented m Appendices I-VII. 
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CHAPTER - 1 
INTRODUCTION 
Bridges are the lifelines of a transportation system. They are required wherever 
waterways are crossed by roads and railways. Piers on which the superstructure of the 
bridges rest, play an important role in their stability and safety. These piers founded in the 
stream-bed are subjected to scour as they are obstruction against the flow. 
Scour is the process of lowering of river-bed around an obstruction due to removal of the 
bed material by erosive action of flowing water. Scour takes place in the vicinity of a 
structure when the flow gets modified due to the presence of the structure in such a way 
that there is an increase in the bed shear stress. The shear stress around the structure 
eventually gets reduced by enlargement of the flow cross-section due to scour. The term 
local scour is used to emphasize the fact that the lowering of the riverbed occurs in the 
vicinity of the structure. Local scour has been classified in two ways. Shen et. al. (1969) 
differentiated between (i) clear-water scour; when upstream flow does not transport 
sediment and (ii) live-bed scour; when upstream flow transports sediment. 
The threat of local scour aroimd bridge piers has been known for many years. As a result, 
the estimation of scour depth and areal extent of scour around bridge piers is a major 
concern of bridge engineers. Underestimation of the scour depth and its areal extent 
results in design of too shallow a foundation which may consequently cause exposure of 
foundations endangering the safety of the bridge, overestimation of the scour depth 
results in uneconomical design of the piers. Great difficulty is experienced sometimes in 
straightening the pier wells which tend to get tilted while sinking to large depths. 
Therefore, knowledge of anticipated maximum scour depth for design discharge is 
essential for a proper design of the foundation of the bridge piers. 
In spite of significant amount of research on single pier scour, failure of many bridges has 
been reported in the literature. Hof&nans and Verheij (1997) have also noted that local 
scour around bridge piers, as a result of flood flows, is considered to be the major cause 
of bridge failure. Chiew and Lim (2003) and Chiew (2004) reported the failure of 
Kaoping Bridge in Southern Taiwan in August 2000. Dey and Barbhuiya (2004) made 
reference to the collapse of Bulls Bridge over the Rangikikei River, New Zealand. In this 
regard, it is interesting to note the statement by Lagasse and Richardson (2001) that, 
hydraulic factors such as stream instability, long-term streambed aggradation or 
degradation, general scour, local scour, and lateral migration are responsible for 60% of 
all U.S. highway bridge failures. 
Failure of bridges due to pier scour, as mentioned above and reported in the literature by 
Wardhana and Hadipriono (2003) and others, has rekindled interest in furthering 
understanding of the pier scour process and for developing improved ways of protecting 
bridges against the ravages of scour. 
It is well established that mostly, the bridge piers are designed as a single pier. However, 
a bridge is usually supported on a number of piers (e.g., group of piers). Also, owing to 
rapid urbanization and increased traffic volume, it is often needed to construct new 
bridges across the rivers in the proximity of the already existing bridge, where the piers 
of one bridge may or may not fall exactly in front of the piers of other bridge. Obviously, 
the occurrence and development of a scour process in such circumstances will be quite 
different from one which occurs around a single pier. In these perspectives, to ensure the 
stability of the bridge piers, the need of a study on the effect of mutual interference of 
bridge piers on local scour assumes immense significance which is the subject of present 
study. Before proceeding to study on local scour at group of piers, it is imperative to have 
an insight into the mechanism of local scour at a single pier first. 
1.1 Local Scour around Single Bridge Pier 
The phenomenon of local scour around a single bridge pier has been extensively studied 
and also documented by a large number of investigators. Detailed studies on the 
mechanism of scour around a single bridge pier were made amongst others by Laursen 
and Toch (1956), Nakagawa and Suzuki (1975), Hjorth (1975), Melville (1975), Ettema 
(1980), Qadar (1981), Baker (1981), Kothyari (1989), Graf and Yulistiyanto (1998). The 
system of horseshoe vortices and the down flow at the pier were found to be the main 
agents responsible for scour. 
Till date considerable data have been collected on single pier scour in laboratories and 
some in the fields with a view to adequately predict the maximum scour depths. As a 
result, the number of proposed design relations for maximum scour depths prediction is 
substantial, but the predicted values are found to be widely scattered and sometimes 
contradictory. This is probably due to the fact that scour process involves complicated 
interaction among the flow, the sediment and the bed configuration in time and space. 
Many methods for the estimation of maximum scour depth aroimd a bridge pier exist. The 
practice followed in Indian Railways and other goverrunental organizations, is to use the 
Lacey-Inglis method (Lacey, 1929 and Inglis, 1949) for the determination of scour depth. 
Other methods for estimation of scour depth include those by Laursen and Toch (1956), 
Shen et. al. (1969), Breusers et. al. (1977), Melville and Sutherland (1988), Jain (1981), 
Kothyari et. al. (1992a and 1992b), HEC-18 (U.S. Army Corps of Engineers 1991), Dey 
(1997). These cover both cases of clear water and live-bed scour. Detailed discussion on 
these methods is provided in Chapter II. In addition, the effects of sediment non-
uniformity and/or stratification on scour have also been studied (Ettema, 1980, Kothyari, 
1989). The temporal variation of scour depth has also been studied in detail (Chabert and 
Engeldinger, 1956, Ettema 1980, Yanmaz and Ahinbilek, 1991, Kothyari et. al. (1992a, 
1992b), Dey (1997). But all these studies pertain essentially to a single pier. However, a 
bridge is not supported on a single pier. Rather, it is supported on more number of piers. 
The neighboring piers, therefore, can affect each other due to their mutual interaction 
with the flow. This mutual interaction of piers can adversely affect local scour. In spite 
of significant amount of research on scour processes, not much attention towards the 
aspect of pier group scour has been paid by the researchers. Therefore, the aspect of pier 
group scour is yet to be resolved. 
1.2 Local Scour at Group of Bridge Piers 
In case of scour around group of piers, the presence of several piers can generate a 
complex interaction in the hydrodynamic characteristics of the flow field near the piers 
themselves and therefore, lead to the occurrence and development of a scour process that 
is quite different from one which occurs around a single pier. This interaction is 
particularly evident when the bridge is not perpendicular to the river flow. When the local 
scour occurs in the presence of group of piers, the flow pattern in the channel around the 
piers is changed significantly. There are many situations in the field where group of piers 
are founded in the river-bed. 
Due to rapid urbanization and increased traffic volume, it is often needed to construct 
new bridges across the rivers in the proximity of the already existing bridge. There are 
limitations of spacing between existing and new bridges due to the problem of land 
acquisition. In that context, the scour depth and bed configuration pattern around the 
existing and new bridges need to be examined. Furthermore, for geo-technical and 
economical reasons, pier groups have been more and more popular in bridge design, 
however, the scour mechanisms around piers group are much more complex and design 
local scour depths more difficult to predict. 
The safe and economical design of bridge piers requires accurate prediction of maximum 
scour depth around them; however, the accurate estimation of scour depth and extent of 
scour around bridge piers is difficult. The difficulty is further compounded at group of 
piers due to the effect of their mutual interference on local scour. 
Local scour around a single bridge pier is affected by a large number of inter-dependant 
variables. The flow, sediment and pier characteristics are the main variables affecting this 
phenomenon. For given conditions of these variables, the scour depth also varies with 
time. As a consequence of extensive research by several investigators on the phenomenon 
of local scour around a single bridge pier, a large number of design relationships have 
been bequeathed to the bridge designer. Not withstanding this, many bridges still suffer 
damage by local scour. This is not surprising as the local scour at bridge piers involves 
the complexities of the three-dimensional turbulent flow field around a pier together with 
the mechanics of sediment transport. The complexities are further intensified in the 
presence of group of piers due to their mutual interaction. In addition to the variables 
affecting local scour around a single pier, spacing of piers and arrangement of their 
placement in the riverbed also affect the scour depth around group of piers. 
Study on the problem of local scour around the group of piers placed in the riverbed in 
various arrangements, is still in its initial stages. Only a few investigators have studied the 
phenomenon of scouring around piers group. Hannah (1978), Nicollet et. al. (1978), 
Breusers and Raudkivi (1991), Vittal et. al. (1994), Babaeyan-Koopaei and Valentine 
(1999), Choi et. al. (2001) and Sadek & Ismail (2002) have made some studies on scorn-
around group of piers. However, these studies have provided limited data. Furthermore, 
no study is available on temporal variation of scour depth around group of piers founded 
in the river-bed at short spacing m different arrangements. 
1.3 Mechanism of Scour around Piers Group 
In addition to parameters affecting scourmg around a single pier, for a pier that is part of a 
group of piers, group effects are also important. The presence of group of piers in the 
river-bed can generate a complex interaction m the hydrodynamic characteristics of the 
flow field near the piers themselves and therefore, lead to the occurrence and 
development of a scour process that is quite different from one which occurs around a 
single pier. 
(Hannah, 1978) has recognized four mechanisms of scour to occur at piers group; 1) 
reinforcing; that leads to increased scour depth at the upstream pier and overlapping of 
scour hole of front pier with that of the rear pier; 2) sheltering; by the upstream pier can 
reduce the effective approach velocity for the downstream pier and reduce the scour depth 
at the rear pier; 3) vortices shed; from the upstream pier are convected downstream (if the 
downstream pier is close to the path of vortices, this will assist scouring by lifting 
material from the downstream scour hole); and 4) compressed horseshoe vortex; when 
piers are placed transversely to the flow, each will have its own horseshoe vortex. The 
interaction between piers in a group intensifies the reinforcing and compressed horseshoe 
vortex effects, which make the scour phenomenon more complex and which can modify 
the depth and shape of the scour hole around the piers group? 
Based on the extensive research carried out over the years, various equations have been 
developed for the estimation of equilibrium scour depth at bridge piers; however, ahnost 
all the equations have been derived for the case of a single pier. If a bridge pier is merely 
designed and constructed on the basis of such equations, it may lead to the bridge failure. 
In addition, it is also evident that even most of the experimental studies have focused only 
on a single bridge pier. At present there is virtually no practicable method available to 
confidently predict the scour depths at group of bridge piers foimded in riverbed. A 
conclusion to be drawn is that the effect of mutual interference of bridge piers on local 
scour is not adequately mvestigated. Therefore, scouring around pier groups is still a field 
of active research. This study deals with the investigation of the effect of mutual 
interference of bridge piers on local scour in a steady clear water approach flow. 
The changing nature of river in alluvial plains poses many difficulties for the design of 
bridges in a river. Therefore, the change in the bed configuration in the vicinity of bridges 
must be forestalled or accommodated in the design of bridges to avoid the risk of eventual 
failure (Smith, 1976). 
1.4 Scour Depth Prediction Using Artificial Neural Network (ANN) 
It is extremely difficult to formulate mathematical models that accurately represent the 
scour process and the geometry of the scour hole which develops under the influence of 
three dimensional flow field around a pier. Thus, it is a common practice to apply 
empirical relationships based on the regression methods performed on laboratory data for 
estimation of the scour around a pier. However, due to complexity of the scour problem 
empirical relationship based on laboratory data are not strong enough to deal with the 
problem of estimating the scour depth around a pier. Moreover, since there are numerous 
effective parameters and the interaction of these parameters is highly complicated, 
therefore, the accuracy of the empirical relationship is very subjective and highly depends 
on the users' ability and knowledge. In the light of above numerous approaches for the 
estimation of scour depth around piers have been carried out in the past (Laursen and 
Toch, 1956; Shen, 1971; Hancu, 1971; Breusers et. al, 1977; Melville and Sutherland, 
1988; and DOT U.S., 1993). In addition, some relevant studies on the mechanism of flow 
around pier type structures have been conducted recently (Sumer and Fredose, 1994, 
1997). However, there is a lack of reliable formulas for predicting the scour depth to 
cover all possible ranges from the aforementioned methods. The results from the existing 
method show up to 100% variation resulting m an increase in the cost of the protection 
methods against scour and the foundation of the piers. Recognizing these difficulties and 
the importance of improving prediction capabilities a great number of researchers have 
been engaged in exploring and refming methods for improving traditional physical based 
analysis. 
Recently Artifjcial Neural Networks (ANNs) are being widely applied in various areas of 
hydrotogy and water resources engineering to overcome the problem of exclusive and the 
non-linear relationships. A few investigators have addressed the uncertain issue of scour 
around pier type structures with the help of the ANN. Examples of latter studies include 
(AzmatuUah et. al, 2007; Bateni and Jeng, 2006; Bateni et. al, 2006; Choi and Cheong, 
2006; Jeng et.. al, 2005; Azinfar et. al, 2004; Khosronejat et. al, 2004; Kambekar and 
Deo, 2003; Liriano and Day, 2001; and Trent et. al, 1993). Kambekar and Deo (2003) 
carried out scour data analysis using neural networks. Khosronejad et. al (2004) carried 
out estimation of scour hole properties around vertical piles using ANNs. Jeng et. al 
(2005) made neural network assessment for scour depth around bridge piers. The 
equilibrium scour depth was modeled as a function of five variables; flow depth, mean 
velocity, critical flow velocity, mean grain diameter and pier diameter. Bateni et. al 
(2006) applied Bayesian neural networks for prediction of equilibrium and time 
dependent scour depth around bridge piers. Choi and Cheong (2006) investigated 
prediction of local scour around bridge pier using ANNs. Sixty four data sets from four 
different experiments were used to train the model. The prediction results by ANN were 
better than the results produced by empirical relationships. Bateni and Jeng (2006) carried 
out estimation of pile group scour using adaptive neuro-fiizzy approach. Lee et. al (2007) 
appHed neural network modeling for estimation of scour depth around bridge piers. The 
Back-propagation neural network (BPN) was used to predict the scour depth in order to 
overcome the problem of exclusive and the non-linear relationships. It was found that the 
scour depth around bridge piers can be efficiently predicted using the BPN. 
1.5 Concluding Remark 
From review of literature on application of ANNs in hydrology and water resources 
engineering, it can be concluded that ANN provides a higher level of accuracy in solving 
the particular problem when compared to empirical relationships. ANN may therefore be 
a viable alternative in the evaluation of mutual interference effect of bridge piers on local 
scour provided a reliable database is available. 
1.6 Aim of the Present Study 
The present investigation was taken up keeping in view the foregoing gaps in the 
knowledge. The principal objective of this study was to investigate the development of 
local scour around group of piers founded in the riverbed in different configurations, by 
conducting a carefiiUy controlled set of experiments for studying the effect of mutual 
interference of bridge piers on local scour. Larger scour depths need deep pier 
foundations, which is a costly proportion. As a result, various devices (i.e., armoring 
devices and flow altering devices) for scour depth reduction were investigated by many 
researchers. The armoring devices such as placing the rip-rap and gabion around the pier 
were investigated by several investigators (Brice et., al; 1978; Croad, 1993; Parola, 1993; 
Yoon et. al.., 1995; Maynord, S.T. (1995), Worman 1989, (Lim and Chiew, 1996 and 
1997); Lim, 1998; Chiew and Lim, 2000; Lim and Chiew, 2001). Likewise, the flow 
altering devices were investigated by many researchers such as providing an array of 
piles in front of the pier(Chabert and Engeldinger, 1956 and Melville and Hadfield,1999), 
a collar around the pier (Schneible, 1951; Thomas 1967; Tanaka and Yano 1967; Ettema 
1980; Chiew, 1992; Kumar et. al., 1999, Zarrati et. al., 2004), submerged vanes(Odgard 
and Wang 1987), a delta-wing-like fin in front of the pier (Gupta and Gangadharaiah, 
1992), a slot through th^ pier(Chiew, 1992, Kumar et. al., 1999) and partial pier-groups 
(Vittale/. a/.,1994). 
The flow altering devices can be more economical, especially when the rip-rap material in 
required amoimt is not available near the bridge site or is expensive. The effect of collar 
in reducing scour depth was previously studied on single circular piers by Tanaka and 
Yano (1967), Ettema (1980), Chiew (1992) and Kumar (1999) and on rectangular pier by 
Zarrati et. al. (2004). However, scanty work has been carried out on the application of 
collar around a group of piers. Therefore, the scope of the study was broadened so as to 
be an investigation of the reduction of the depth of local scour by applying a collar around 
group of piers. 
The present investigation is oriented to study the following aspects of pier group scour. 
(I) To study the effect of mutual interference of bridge pier scour on local scour for 
the following cases of pier arrangements. 
(a) To study the local scour around single pier to form a basis for evaluating the effect 
of mutual interference of bridge pier groups. 
(b) Two identical circular cylindrical piers placed in tandem arrangement at varied 
pier spacing. 
(c) One pier of larger size on upstream and one pier of smaller size at the downstream 
placed in tandem arrangement at varied pier spacing. 
(d) One pier of smaller size on upstream and one pier of larger size on downstream 
placed in tandem arrangement at varied pier spacing. 
(e) Three circular cylindrical piers of same size placed in tandem arrangement at 
varied pier spacing. 
(f) Two circular cylindrical piers of same size placed at constant angle of attack but 
varying radial distances. 
(g) Two circular cylindrical piers of same size placed at constant radial distance but 
varying angles of attack. 
(h) Two identical circular cylindrical piers of same size placed in transverse 
arrangement at varied transverse spacing, 
(i) Three identical circular cylindrical piers placed in staggered arrangement such that 
two of them located in transverse direction on upstream at fixed transverse pier 
spacing and one pier on downstream placed along the bisector of the two upstream 
piers at varied longitudinal pier spacing. 
(II) To study the reduction of scour depth by applying a collar around group of piers. 
(III) To study the temporal variation of scour depth for the above cases. 
(IV) Modeling for the evaluation of the effect of mutual interference of bridge piers on 
local scour. 
(VI) Modeling for the evaluation of scour reduction efficiency of collar around group 
of piers as scour countermeasure. 
To achieve these objectives an almost totally experimental approach was adopted, that is, 
it was felt that most effective way to bring to light the better understanding of effective 
means to deal with scour around bridge piers group founded at short spacing, was through 
observations of the scour process in an extensive experimental programme. 
Whereas, Harmah (1978) was primarily interested in mechanism of scour around the 
bridge piers group, this study investigates the effects of mutual interference of bridge 
piers on the depth of local scour. The experimental programme has produced results, 
which provide the bridge designer with a means of predicting the maximum depth of local 
scour that may occur at group of bridge piers founded in different configurations in the 
riverbed at short spacing. 
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Chapter-I presents the introduction of the research carried out in this thesis The current 
state of knowledge of the local scour around a single pier, around group of piers and 
scour reduction at single pier, is presented in Chapter II. Chapter III deals with the 
experimental programme undertaken to investigate the local scour around the group of 
piers. Chapter IV presents the background of artificial neural (ANN) technique which is 
to be used in present research for modeling the scour depth at pier group. The graphical 
representation based analysis of the results generated through experimental program is 
presented in Chapter V. The analysis of results based on Artificial Neural Network 
approach is presented in Chapter VI. Principal conclusions drawn from the results of the study 
and scope for further studies are presented in Chapter VII. The summary of flow parameters 
used in this study and exhaustive experimental data gathered from present investigation is 




A vast amount of literature exists on the topic of local scour around bridge piers. 
Different aspects of scour processes at bridge piers have been studied from time to time 
but mainly for the case of an isolated bridge pier. Since the objective of the present study 
is to evaluate the effect of mutual interference of bridge piers on local scour, literature 
review is focused on the scour around group of piers. The literature, reviewed in this 
chapter is under the following categories: 
(i) Mechanics of local scour around an isolated pier. 
(ii) Scour depth prediction at an isolated pier. 
(iii) Parameters governing scouring. 
(iv) Mechanism of local scour at group of piers. 
(v) Interference effects of multiple piers on flow. 
(vi) Interference effects of multiple piers on local scour. 
(vii) Reduction and protection of scouring around bridge piers 
(viii) Scour depth prediction using artificial neural network (ANN) 
(ix) Conclusion on literature review 
Scour is defmed as the erosion of streambed around an obstruction in a flow field (Chang, 
1988). The amount of reduction in the streambed level below the bed level of the river 
prior to the commencement of scour is referred as the scour depth. A scour hole is 
defined as depression left behind when sediment is washed away from the riverbed in the 
vicinity of the structure. 
The total scour at a river crossing consists of three components that, in general, can be 
added together (Richardson and Davis, 1995). They mclude general scour, contraction 
scour and local scour. Fig. 2.1 shows sub-divisions of scour. 
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Fig. 2.1 An organogram showing various t\pes of scour (after Richardson and Davis 1995) 
General scour refers to the changes in river bed elevation due to natural/human-induced 
causes with the effect of causing an overall lowering of the longitudinal profile of river 
channel. It occurs through a change in the river regime resulting in general degradation of 
the bed level. General scour develops irrespective of the existence of a bridge. General 
scour can fiirther be divided into long-term and short-term scour, with the two types being 
differentiated by the temporal development of the scour (Cheremisinoflf e/. al, 1987). Short 
term general scour occurs in response to a single or several closely spaced floods whereas 
long term general scour develops over a significantly longer time period, usually of the 
order of several years, and includes progressive degradation and lateral bank erosion. 
In contrast to general scour, localized scour is directly attributable to the existence of a 
bridge or other riverine structures. Localized scour can further be divided into contraction 
and local scour. 
Contraction scour occurs as a result of the contraction of a channel either due to a natural 
means or human alteration of the floodplain. The effect of contraction is an increase in 
the average flow velocity, which consequently causes an increase in the erosive forces 
exerted on the channel bed. It results in the lowering of the channel bed. 
Local scour refers to the removal of sediment from the immediate vicinity of bridge piers 
or abutments. It occurs due to the interference of pier or abutment with the flow, which 
results in an acceleration of flow, creating vortices that remove the sediment material in 
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the immediate surrounding of the bridge pier or abutment. Figure 2.2 shows the typical 
appearance of the local scour around bridge piers. As it is related to the main thrust of 
this study, local scour is discussed in much more detail in the following sections. 
PepeVasquez.c 
Fig. 2.2 Photograph of local scour at a group of rectangular piers in tandem arrangement (with 
permission from www.pepe:vasquez.com) 
The problem of scour around an isolated pier has been extensively studied and also 
documented by several mvestigators like, Chabert and Engeldmger (1956), Laursen and 
Toch (1956), Liu et. al. (1961), Shen et. al. (1969), Melville (1975), Hjorth (1975), 
Melville and Raudkivi (1977), Ettema (1980), Baker (1981), Jain (1981), Raudkivi and 
Ettema (1983), Melville and Sutherland (1988), Kothyari (1989), Dargahi (1990), 
Yanmaz and Altimbilek (1991), HEC-18 (1991), Kothyari et. al. (1992 a and b). Garde 
et. al. (1995), Kumar (1996), Dey (1997), Ahmed and Rajaratnam (1998), Graf and 
Istiarto (2002) and Sheppard (2004). 
The process of scour is affected by a large number of variables. The flow, fluid, pier and 
sediment characteristics are the main variables affecting the pier scour. For given 
conditions, the scour also varies with time and spacing between the piers. Depending 
upon whether the flow approaching the pier is transportmg sediment or not, the pier scour 
is classified as (i) clear-water scour; when approaching flow does not carry any sediment 
(ii) live-bed scour; when approaching flow carries sediment. In general, the equilibrium 
scour depths in live-bed conditions are slightly smaller than those in clear-water 
condition Shen et. al. (1969). Main objective of the present investigation is to study the 
influence of mutual interference of bridge piers on local scour; therefore, a brief review 
of existing literature on pier scour around an isolated pier is presented below. 
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2.1 Mechanics of Local Scour around an Isolated Pier 
Flow mechanism of scouring around a bridge pier is very complex and has been 
investigated by various investigators (Chabert and Engeldinger, 1956; Hjorth, 1975; 
Melville, 1975; Melville and Raudkivi, 1977; Dargahi, 1990; Melville, 1997; Graf and 
YuUstiyanto, 1998; Graf and Istiarto, 2002; Ahmed F. and Rajaratnam N., 1998). It has 
long been established that the basic mechanism causing local scour at piers is the 
downflow at the upstream face of the pier and formation of vortices at the base of the pier 
Heidarpour et. al. (2003). 
When a pier is placed in a current, the flow is accelerated around the pier; however, the 
flow decelerates as it approaches the pier coming to rest at the upstream face of the pier. 
The approach flow velocity, therefore, at the stagnation point on the upstream side of the 
pier is reduced to zero, which results in pressure increase at the pier face. The associated 
stagnation pressures are highest near the surface, where the deceleration is greatest, and 
decreases downwards (Melville and Raudkivi 1977). As the velocity is decreasing from 
the surface to the bed, a downward velocity gradient develops on the upstream side of the 
pier. The vertical velocity gradient of the flow is transformed into a pressure gradient on 
the leading edge of the pier. It is recognized that this adverse pressure gradient in the 
longitudinal direction and the favorable pressure gradient in the vertically downward 
direction near the pier causes the formation of horseshoe vortex system and down-flow in 




















Fig. 2.4 Scheme of the horseshoe vertex system (after Yulistianto, 1998) 
At the water's surface, the flow and pier interaction forms a bow wave known as the 
surface roller. Beyond the points of flow separation on the pier, wake vortices occur as 
shovm in Fig. 2.4 Scour is a consequence of such three-dimensional pattern of flow. 
Locally, shear stress increases at the bed within the vicinity of the pier. If the bed is 
erodible (and the shear stresses are of sufficient magnitude), a scour hole forms around 
the pier. This phenomenon is known as local or pier- induced sediment scour. 
Surface Ruller 
Fig.2.5 Illustration of the flow and scour pattern at a circular pier (after Melville & Coleman 2000) 
As illustrated in the Fig. 2.5 the strong vortex motion caused by the existence of the pier, 
entrains bed sedunents within the vicinity of the pier base (Lauchlan and Melville 2001). 
The downflow rolls up as it continue to create a hole and, through interaction with the 
oncoming flow, develops into a complex vortex system. The vortex then extends 
downstream along the sides of the pier. This vortex is often referred to as horseshoe 
vortex because of its similarity to a horseshoe (Breusers et. al, 1977). The horseshoe 
vortex is very effective in transporting the dislodged particles away past the pier. 
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As shown in Fig. 2.5 besides the horseshoe vortex in the vicinity of the pier base, there 
are also vertical vortices downstream of the pier referred to as wake vortices (Dargahi 
1990). The separation of flow at the sides of the pier produces the so called wake 
vortices. The wake vortices are not stable and shed alternately from one side of the pier 
and then the other. It should be noted, however, that both the horseshoe and wake 
vortices erode material from the base region of the pier. The intensity of the wake 
vortices drastically reduces with distance downstream, such that sediment deposition is 
common immediately downstream of the pier (Richardson and Davis 1995). 
The so-called horseshoe vortex develops as a result of separation of flow at the upstream 
rim of the scour hole formed around the pier due to the removal of sediment by water 
current. The flow separates at the sides of the pier and the separation surfaces enclose the 
wake downstream of the pier. The horseshoe vortex extends downstream, past of the 
sides of the pier for a few pier diameters, before losing its identity and becoming part of 
general turbulence. 
Scour hole development commences at the sides of the cylinder with the holes rapidly 
propagating upstream around the perimeter of the cylinder to meet on the centerline. The 
eroded material is transported downstream by the flow. Soon after the commencement of 
scouring, a shallow hole, concentric with the cylinder, is formed around most of the 
perimeter of the cylinder (about 120°) but not in the wake region. The down flow acts like 
a vertical jet eroding a groove in front of the pier. The eroded material is carried around 
the pier by the combined action of accelerating flow and the spiral motion of the 
horseshoe vortex. The down flow is turned 180° in the groove and the upward flow is 
deflected by the horseshoe vortex in the upstream direction, up the slope of the scour 
hole. At this turning point, the lip of the groove is often very sharp and the face is almost 
vertical. The groove becomes shallow or disappears altogether when scour approaches its 
equilibrium depth. The rim collapses irregularly in local avalanches of bed material. The 
deflection of the down flow ejects this material up to where the horseshoe vortex tends to 
push some of it up the slope. The rest is picked up by the flow, which carries it into and 
behind the wake region where a bar develops. The upstream part of the scour hole 
develops rapidly and has the shape of frustum of an mverted cone with slope equal to the 
angle of repose of the bed material under erosion conditions. The salient features of scour 
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hole around an isolated circular cylindrical pier reported in literature (Richardson et. al, 
1993) are asunder: 
2.1.1 Shape of the scour hole 
In plan, the shape of scour hole around a circular pier resembles to the frustum of an inverted 
cone. The shape of the scour hole at upstream fece of the pier is semicircular in plan (Fig. 2.6). 
Semi Circle 
Frustum 
of a cone 
Flow 
Fig.2.6 Plan of a scour hole 
2.1.2 Length of scour hole 
Scour hole length is the distance from the upstream face of a pier to the upstream edge of 
scour hole (upstream length) or to the downstream edge of the scour hole (downstream 
length). The total length of the scour hole is the sum of the upstream and down stream 
lengths of scour hole. The downstream length of the scour hole is greater than the 
upstream length of scour hole. 
2.1.3 Top width of scour hole 
The top width of scour hole has been found to be a fiinction of scour depth and the angle 
of repose of bed material. The angle of repose, '(f)' is the maximum slope angle upon 
which non-cohesive material rests without moving and is a measure of the inter-granular 
friction of the bed material. The upstream slope of the scour hole is nearly the same as the 
angle of repose of the bed material. 
As shown in Fig. 2.7, Richardson et. al. (1993) calculated the top width of scour hole by 
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Fig.2.7 Top width of scour hole around a circular pier 
Top width of scour hole = 2Ws'^b (2.1) 
Where, Ws = ds (K+cot<f>) (2.1.1) 
In which, 
Ws = the distance measured perpendicularly from the upstream side of the pier to the far 
edge of the scour hole. 
ds - scour depth 
K - bottom width of scour hole as a fraction of scour depth (0 -1.0)tfe 
^ = angle of repose of the bed material 
2.1.4 Slopes of scour hole 
Along the length of flume, the slope of scour hole is more at upsfream face of the pier 
than at the downstream face of the pier. In equilibrium condition, the slope of the scorn-
hole at upstream face of pier is nearly same as the angle of repose of the bed material. 
2.1.5 Bed level variation along flow direction 
The bed level at upstream edge of scour hole is equal to the general level of sediment bed; 
however, it decreases towards downstream with minimum at the upstream face of the 
pier. Movmg fiirther dovmstream, the bed level increase and approaches to the general 
bed level at a distance of few pier diameters from the downstream face of the pier. 
Henceforth the bed level rises above general bed level reaching to a maximum at a 
distance of few diameters from downstream face of the pier. Thereafter bed level 
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decreases and reaches to general bed level at a distance of few diameters from the 
downstream face of the pier (Fig. 2.8). 
k + ds Cot(|i 
Fig.2.8 Bed level variation along flow direction 
2.2 Classification of Local Scour 
Based on mode of transport of sediment by the approaching flow, the local scour is 
classified as either clear-water or live-bed scour (Chabert and Engeldinger 1956). These 
classifications depend on the ability of the flow approaching the pier to transport bed 
material (Chiew and Melville 1987). When there is no movement of sediment on the bed 
away from the pier (i.e., where the influence of the pier on the flow is negligible) the 
phenomenon is known as clear-water scour. Raudkivi and Ettema (1983) defined clear-
water scour as occurring when the bed material at the upstream side of the pier is not in 
motion. Under clear-water conditions, the bed shear stresses away from the pier are less 
than critical shear stress required for sediment movement. At the pier, an initial period of 
rapid erosion is followed by an equilibrium, which is reached when the flow alteration by 
the scour hole reduces the magnitude of the shear stress such that sediment can no longer 
be mobilized and removed from the scour hole (Breusers et. al, 1977). 
When sediment is in motion on the bed away from the pier, the process is known as live-
bed scour. In this case, the bed shear stresses away from the pier are greater than the 
critical value required to mobilize and transport the sediment. Generally, initial scorn-
rates tend to be greater in live-bed scour than in clear-water scour and equilibrium scorn-
depth is attamed more quickly. Under live-bed scour conditions; sediment from upstream 
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of the pier is continuously transported into the scour hole (Dey 1999). In this case, the 
equilibrium condition is reached when the amount of sediment entering the scour hole is 
equal to the amount being removed (Melville 1984). Under live-bed scour conditions, bed 
forms occur and propagate through the scour hole. Thus the scour hole depth will 
fluctuate in time even after the "equilibrium" condition has been reached. Fig. 2.9 
compares typical clear-water and Uves bed scour time series. 
Average scour depth 
• Time 
Fig.2.9 Diagrammatic illustration of classification of local scour at a bridge pier 
In coarse-grained material (sands and gravels) an equilibrium local scour condition is 
rapidly attained with time in live-bed condition (and then oscillates in response to the 
passage of bed forms). On the other hand, an equilibrium condition is achieved slowly 
and asymptotically in clear-water condition (Raudkivi and Ettema, 1983). 
The parameter used to determine the scour regime (i.e., clear-water scour or live-bed 
scour) is the ratio of the upstream velocity to the threshold or sediment critical velocity to 
cause sediment movement in the bed. This ratio, known as the flow intensity, may take 
one of the two forms, depending on the velocity used. If the shear stress or bed friction 
velocity U, is used, the ratio becomes U,/U,^. The shear velocity U. is defined 
asU. =-\Jr/p , where r is the bed shear stress. The threshold or critical shear velocity 
U,^, corresponds to the critical shear stress r. In this form, the flow intensity can be 
thought of as a shear stress ratio where T/T^=(U,/U,J^ . Therefore, this form has a direct 
correlation to the sediment transport, since most transport equations are in terms of bed 
shear stress. The critical shear velocity can be determined for given uniform sediment 
using Fig. 2.10 and equation (2.2), however the value of U.is usually not readily 
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available for prototype flow situations and must be derived using velocity profile 
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Fig. 2.10 Shields chart for threshold condition of uniform sediments in water 
U 
c_ = 5.75 log 5.53- (2.2) 
The second more common form of the flow intensity uses the depth average approach 
velocity Fand the critical depth averaged approach velocity F^. The critical depth 
averaged approach velocity is the minimum depth averaged velocity of the approach flow 
for which sediment motion will occur for given sedunent. This form of the flow intensity 
(V/V^)requires that a vertical profile be known or assumed (usually logarithmic) to calculate 
the critical depth averaged velocity V^. fi-om Shields' diagram for given sediment. 
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Fig.2.12 LaboratOTy data on average maximum local scour depth at a cylindrical pier (after Chee 1982) 
Generally, by definition clear-water scour occurs when 0.5 < F / F^  < 1 and live-bed scour 
occurs when V/V^ >1 (Melville and Chiew 1999). Most researchers place the lower limit 
for clear-water scour between V/V^ =0.4 and 0.5. The maximum scour depth occurs at 
F=F^ (Fig. 2.11 and 2.12). According to Richardson and Davis (1995), the maximum 
clear-water scour depth is about 10 percent greater than the equilibrium depth of scour for 
live-bed pier scour. The time taken for equilibrium scour depth to develop increases 
rapidly with flow velocity in clear-water conditions but decreases rapidly for live-bed 
scour (Melville and Chiew 1999). Richardson and Davis (2001) mentioned that typical 
clear-water scour situations can be found in (a) coarse-bed material stream, (b) flat 
gradient streams during low flow, (c) local deposits of larger bed materials that are larger 
than the biggest fraction being transported by the flow, (d) armoured streambeds where 
the only location that tractive forces are adequate to penetrate the armour layer are at 
piers and/or abutments, and (e) vegetated chaimels or over bank areas. 
Melville (1975) described the stages of scour in terms of the mechanisms of scour at each phase: 
(i) Accelerated flow due to distortion of the streamlines by the cylinder: 
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(ii) Flow separation and horseshoe vortex development and intensification as the hole 
develops, and 
(iii) Avalanching (or sliding) of material down the sides of the scour hole once the hole 
is large enough to contain the horseshoe vortex. 
Melville found that the angle of the sloped sides of the scour hole was the angle of repose 
of the sediment. This angle did not change as the scour hole grew 
Most researchers agree on the general process of scour hole development, while differing 
on some of the details. Generally, for a single cylindrical pier, there is an initial stage 
during which sediment is removed from the sides of the pier where the flow has been 
accelerated as predicted by potential flow theory. At this point, the scour resembles 
sediment transport on a flat bed. Ettema (1980) and Hjorth (1975) found that the points of 
initiation of scour occur at roughly ± 45° from the leading edge of the pier. Melville 
(1975) found the maximum shear stress at the unscoured bed at ± 100 degrees. 
As the scour hole grows, it spreads toward the leading edge of the pier, where the down 
flow has been established and the horseshoe vortex originates. The down flow and 
horseshoe vortex loosen and mobilize the sediment; and the mobilized sediment is carried 
downstream of the pier by the horseshoe vortex and the main channel flow. 
Melville (1975) observed that the horseshoe vortex is initially small in cross-section and 
relatively weak as is the associated down flow occurring in the plan of stagnation. As the 
hole deepens, the down flow strengthens, and the horseshoe vortex grows in size and 
strength and descends into the developing scour hole. As the scour hole enlarges, the 
circulation associated with the horseshoe vortex continues to increase, but at a decreasing 
rate, as the cross- sectional area of the hole increases and equilibrium is approached. 
Avalanching of material down the sides of the scour hole occurs once the hole is large 
enough to contain the horseshoe vortex, causing the hole to widen. Many researchers 
(Nakagawa and Suzuki 1975, Hjorth 1977, and Ettema 1980) observed that the actual 
mobilization and removal of sediment is limited to an area immediately adjacent to the 
pier at the base of the scour hole. As the material slides down the sides of the hole, it is 
mobilized in this erosion or entrainment zone. Once a sediment particle is put into 
suspension, it is swept downstream. If the particle is carried high enough, it may interact 
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with the wake vortices, be carried higher into the water column, and be transported and 
deposited well downstream. Otherwise, the sediment particle may be swept directly 
behind the pier and enter the relatively calm wake region between the shedding vortices. 
Here it will settle out and form the characteristic mound behind the pier. 
Eventually, the hole becomes deep enough that the strength of the horseshoe vortex and 
the down flow are weakened and can no longer mobilize and remove sediment from the 
scour hole. In the Uve-bed case, the amount of sediment removed is exactly equal to the 
deposited in the hole from upstream. At this point an equilibrium is established and the 
hole has reached its maximum size for the given flow condition. 
There are varying hypothesis concerning the main agent responsible for pier scour. For 
example, Laursen and Toch (1956) and Shen et. al. (1966) identified the horseshoe vortex 
to be the main agent responsible for local scour around bridge pier. Based on the concept 
of horseshoe vortex. Roper et. al. (1967), Baker (1981), Kothyari et. al. (1992a and b) 
and many others have presented models for scour prediction. Extending the experimental 
study of flow around a cylinder on a horizontal non-mobile bed carried out recently by 
Graf and yulistiyanto (1998), an experunental investigation of flow pattern in the scorn-
hole around a cylinder has also been carried out recently by Graf and Istiarto (2002). 
More recently Muzzammil and Gangadhariah (2003) have studied experimentally the 
chracteristics of horseshoe vortex and have presented a model for scour prediction. 
On the other hand, Raudkivi (1986) noted that the horseshoe vortex is a consequence of 
scour, not the cause of it and Melville (1975), Hjorth, (1975), Ettema (1980), Raudkivi 
(1998), Chiew and Melville (1987), and Johnson and Ayyub (1992) observed the down 
flow in front of the pier as a main agent responsible for pier scour. Chiew (1984) 
identified the down flow as the main cause of local scour and describe the scour hole as 
inverted right circular cone with the pier as its axis. The angle that the slope of the hole 
makes with the vertical is approximately equal to the angle of repose of the sediment. It is 
worthwhile to note one common assertion of many studies is that the secondary 
circulation generated by the presence of pier is responsible for the local scour at bridge 
piers. However, some investigators emphasized that the down flow resulting from the 
vertical pressure gradient on the stagnation plane is the main cause of local scour and 
secondary circulation is the resuh of scour, this idea has been contradicted by the other 
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studies. Tanaka et. al. (1967) showed that the down flow is generated secondarily by the 
vortex motion and does not affect directly the local scour. 
Dargahi (1990) contradicted the view of Melville and Raudkivi (1977) that vertical down 
flow was the main scouring agent. He argued that the vertical down flow was the cause of 
formation of comer vortex, which could not be the scouring agent. He concluded that the 
wake scouring was due to the primary wake vortices and the accelerated side flow, and 
suggested that periodicity of sediment transport was controlled by the shedding frequency 
of wake vortices. 
2.3 Scour Depth Prediction at an Isolated Pier 
Many formulae have been proposed for the prediction of local scour depth at bridge piers 
based on the different approaches. Breusers et. al. (1977) has presented a comprehensive 
survey on this topic. A brief summary of the better-known formulae is presented here. 
Inglis et. al. (1939) carried out model studies on piers in connection with the Hardinge Bridge 
Works over the River Ganges in India. They found that the scour depth could be expressed as 
—=2.32{q,'y (2.3) 
b 
Where g, is the discharge in m^ I s per m. A major disadvantage of this formula is 
considered to be the combination of undisturbed water depth and scour depth. The 
formula was later modified using regime depth relation by Blench (1962). 
IngUs (1949), based on the analysis of scour data from various Indian bridge sites, 
proposed a formula for the scour depth 
H,=2H, (2.4) 
Where 7/, =0.473 = the Lacey regime depth (2.4.1) 
H^=h^+h = scour depth measured below the water surface (2.4.2) 
H^ = scour depth measured below the original bed level 
h = depth of flow 
q = discharge 
/ = silt factor = 1.76 ( j ) ' " (2.4.3) 
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d = mean size of sediment in mm. 
This formula was adopted for designing railway bridge pier foundation in India. Being based 
on regime approach, which tends to concentrate on overall dimensions without accounting 
for the internal mechanism of the scouring process, it is not necessarily accurate. 
Laursen and Toch (1956) proposed a design curve from model studies for live-bed scour 
at square nosed pier aligned with the flow, which was expressed by Neill (1964), as 
i = , . 5 f A l " (2.5) 
D ^D 
The formula is based on Laursen's observation that only in the case of clear-water scour 
the flow velocity and sediment size have any significant effect on scour depth. 
A comprehensive and systematic investigation on the influence of various parameters on 
local scour around bridge piers, spurs and abutments was carried out at the University of 
Roorkee, India. As a result of this study, a generalized relation for scour depth prediction 
was proposed by Garde (1961) as 
"' ^^ "•"^ "^ V;' (2.6) 
h \ a 
In which F^= Froude number = -—-^,n^,n2,andn^are fiinctions of particle drag 
coefficient (CD), F^  and foundation shape and n' is function of CD. The ratio 
a={B-D)l B is the opening ratio, where B is the channel width. 
Larras (1963) analyzed exhausting laboratory data and some field data in an attempt to 
work out a formula for maximum scour depth at the initiation condition of sediment 
motion. He gave the following relation 
H^„=\.Q5k,k^D"' (2.7) 
Where kg and k^ are factors accoimting for angle of attack and pier shape respectively. He 
also proposed empirical value of kg and k^ for different conditions. 
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Shen et. al. (1969) proposed a clear-water scour formula in terms oiR^j, on the basis of 
the vortex strength model known as the Shen I formula 
//, =0.000223 i ? , / ' " (2.8) 
Alternatively the authors proposed the Shen II formula for clear-water scour 
,0.645 
And the Shen III formula for live-bed scour 
^D , 2 / 3 
(2.9) 
(2.10) 
It may be added here that Shen et al's relations are on the conservative side and then-
plots show much scatter of data. Moreover, the Shen I formula is not dimensionally 
homogeneous. 
Hancu (1971) proposed equation for local scour at piers 








in which, Ui is the mean flow velocity at the initiation condition of sediment motion. 
Coleman (1971) analyzed the data of Shen et. al. (1969) and the results of his own 
experiments on circular piers under condition of continuous sediment transport and 






Breusers (1972) proposed a design relation for circular piers, based on the notion that for 
live-bed scour and for water depths greater than 2D,h^^ is a function of pier shape and 
size only as 
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K„=IAD (2.14) 
This relation was obtained from laboratory and field data. 
Breusers et al (1977) made a critical and extensive review of literature on model and field 
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They recommended k^ =1.0 for circular and rounded piers k^ =0.75 for streamlined 
shape and A:^  = 1.3 for rectangular piers and proposed the use of the Laursen chart for 
angle of attack. 
Baker (1980 a), based on vortex strength approach, proposed a scour depth relation for 
the clear-water case as 
in which. 





s = Specific gravity of submerged particles. 




Jam (1981) analyzed available scour data and proposed the enveloping equation for 
maximum clear-water scour as 
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^=1.84(1)"'(F„r 
in which F„ = U. 
(2.17) 
Froude number at the sediment initiation condition. This relation 
is similar to Laursen and Toch's equation but includes sediment size effect. 
Qadar (1981) proposed a relation of scour depth, on the basis of the vortex strength 
approach as 
/i,=5.68(co)''* (2.18) 
m which co=u,r^;uo=0.092D'^'U''''andr^=0.\D (2.18.1) 
This relation is valid for fine sediment only and for clear-water condition. It is not 
dimensionally homogeneous. 
Melville et. al. (1988) proposed design relation of scour depth for both uniform and non-
uniform sediments as 
in which. 
D 
= K, Kf, Kj K, Kg 
f 
K:=2A\U- U-U. 
V U, J 
if V-
(IJ -U ^ 
<1 
=2.4 if f/-
'U -U ^ 
a , >1 








K,=\ if —>25 
( D^ 
=0.571og 2.24— i f ^ < 2 5 
d 
K^ = Shape factor as proposed by Breusers et al (1977), 
Kg = angle of attack effect (Laursen chart) 









U^^= mean approach velocity beyond which armoring of the cannel bed is 
incompressible. 
Garde et al (1989) proposed the following relations for clear-water and live-bed scour 
depths respectively. 
Clear-water Scour: 
Live Bed Scour: 
D 
0.75 / , \ 0 16 










. - 0 3 
(2.20) 
(2.21) 
In which U^ is the approach flow velocity at the initiation of scour and a is the opening 
ratio as defined earlier. 
Kamil et. al. (2002) presented the following relation for the estimation of equilibrium 






0.8 1 - Exp\ - a, 
flJJ^ 
V ; 
= elevation of the bed above a datum 
= flow depth 
= 5.32x10-^ 
= average flow velocity 
= Time from beginning of the scour process 
= Kinematic Viscosity of water 
A;: 
(2.22) 
Muzzammil and Gangadhariah (2003) presented the following scour depth equation for 











Maximum equilibrium scour depth 
Diameter of pier model 
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U = mean approach velocity corresponding to initiation of scour 
f/, = Meanapproachvelocity corresponding to initiation of sediment motion. 
Vg^ = Maximum tangential velocity of vortex at equilibrium. 
H = Depth of flow. 
d* = Dimensionless sediment number. Uc was estimated by the following 









specific gravity of sediment 
acceleration due to gravity 
Mean size of sediment 
Sheppard et. al. (2004) proposed the following equations for predicting local scour depth 
For Clear water Scour 
Where, 
>'o 
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The scour depth prediction formulae as reported above, and others that are not included 
here, give widely divergent results when employed at particular bridge site. This 
underlines the need for rigorous assessment of the influence of flow and bed conditions 
on local scour. 
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2.4 Parameters Governing Scouring 
The wide range of predicted and measiired values of scour depths at bridge piers, for 
what appears to be identical conditions, can be explained by the effects of a variety of 
specific parameters. 
Factors which affect the magnitude of the local scour depth at piers as given by 
Richardson and Davis (1995), Raudkivi and Ettema (1983) and Lagasse et. al. (2001) are 
(1) approach flow velocity, (2) flow depth, (3) pier width, (4) gravitational acceleration, 
(5) pier length if skewed to main flow direction, (6) size and gradation of the bed 
material, (7) angle of attack of the approach flow to the pier, (8) pier shape, (9) bed 
configuration, (10) pier spacing in case of multiple piers, (11) orientation of piers with 
respect to the main flow direction and (12) ice or debris jams. 
The depth of local scour is a fimction of a number of parameters, many of which are 
interrelated. For a single circular cylinder in an erodible bed, the factors influencing local 
scour can be divided into those describing the fluid, those describing the sediment, those 
describmg the flow and those describing the pier (Breusers et. al, 1977). 
The parameters describing the fluid are fluid mass density (/7)and dynamic fluid 
viscosity (//) or kinematic fluid viscosity (y = /il p), both of which are dependent on 
fluid temperature and salmity. 
The parameters describing the sediment are: 
(i) Characteristic gram diameter(<ior J^ ) , which may be the median 
diameter (t/jo). 
(ii) Particle shape 
(iii) Standard deviation of the grain size distribution 
(iv) Density of sediment (p^). 
(v) Fall velocity {w^) and 
(vi) Angle of repose of the sediment (^) 
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The parameters describing the flow are: 
(vii) Flow intensity 
(viii) Depth of the approach flow (y^). 
(ix) Depth averaged velocity of the approach flow (V) 
(x) Shear velocity (F,) 
(xi) Velocity distribution. 
(xii) Roughness of the approach flow (k^). 
(xiii) Energy slope of the flow (S^). 
(xiv) Bed slope (5^). 
(xv) Bed shear stress (r). 
The parameters describing the pier are: 
(xvi) Pier size (b). 
(xvii) Pier shape. 
(xviii) Spacing, number and orientation of piers with respect to the main flow 
direction (i.e. angle of attack or). 
In addition, there are derived parameters. Combining two or more of the above 
parameters, for example the critical shear velocity (F.^ jand the critical depth averaged 
velocity of the approach flow (V^) to form the rat io(F/FJ, which is referred as flow 
intensity. 
Dey (1997) also indicated the time of scouring as an additional parameter. Also, Oliveto 
and Oliveto and Hager (2002) and Oliveto and Oliveto and Hager (2005) found that the 
principal parameter influencmg the scour process is the densimetric particle Froude 





where, 'g' is the relative gravitational acceleration, p^, is the sediment density, p is the 
fluid density, V is the approach flow velocity, d^^ is the median sediment size and F^ is 
densimetric Froude number. 
The parameters affecting the local scour around smooth cylindrical pier in cohesionless 
spherical sediment under uniform flow conditions can be assembled mto the following 
dimensionless groups; 
D - - 9 - , 9 , 9 ^ v ' 9 ^ p 9 9 V 
(2.27) F, ' Z) V, '"- p ' '^/„ ' V ^ ' V ^ ' [ f e -ife^J'l V yv 
The large number of interacting parameters makes the analysis of the local scour of the 
bed sediment aroimd a bridge pier very difficult. 
The influence of various hydraulic and sedimentological factors on scour depth around 
bridge piers has been studied by many investigators. Hjorth (1975), Breusers et. al. 
(1977) and Melville (1988) have reviewed much of the literature on this aspect. Some of 
its salient points are described here. 
2.4.1 Influence of approach flow velocity 
As the approach velocity {U) increases to certain fraction (0.5 for cylindrical piers) of 
the critical velocity f/^ , scour will commence close to the pier (Hancu 1967, Nicollet 
1971). The scour depth then increases almost linearly with velocity until the approach 
velocity is equal to f/^(Fig. 2.13, Chabert and Engeldinger 1956). When the approach 
velocity exceeds U^, bed load movement is introduced and the problem is transformed 
into the live-bed scour problem. Once bed movement is fully established, the depth of 
scour is reduced somewhat below the scour depth atC/^. There is no longer any 
equilibrium scour depth but the depth of scour oscillates around a mean value. Recent 
studies have shown that as velocity exceeds the threshold velocity, the local scour depth 
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Fig.2.13 Scour depth for a given pier and sediment size as a function of approacii flow velocity 
(after Chabert and Engeldinger, 1956) 
2.4.2 Influence flow intensity 
The ratio V/V^ is a measure of flow intensity and determines whether grain motion 
occurs on the channel bed (Melville and Chiew 1999). ForF/F^<l, clear-water scour 
conditions exist for both uniform and non-uniform sediments. Under clear-water 
conditions, the local scour depth in uniformly graded sediment increases almost linearly 
with velocity to a maximum at the threshold velocity (Melville and Coleman 2000). If the 
geometric standard deviation of the particle size distribution cr^  < 1.5, the sediment can 
be considered unifonn. Live-bed scour occurs for F/F^ > 1.0. Under live-bed conditions, 
the local scour depth in uniform sediment first decreases and then increases again to a 
second peak, but the threshold peak is not exceeded provided the sediment is uniform. 
The same trend was observed by Chabert and Engeldinger (1956), Ettema (1980), 
Raudkivi and Ettema (1983), Laursen and Toch (1956), Breusers et. al. (1977) and Chiew 
(1984). For non-uniform sediments {a^ >1.5) armoring occurs on the channel bed and in 
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Fig.2.14 Flow intensity factor (after B.W. Melville, 1997) 
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Armor layer formation within the scour hole is known to reduce scour depths, as 
discussed by (Raudkivi and Ettema, 1977). The scour depth decreases from the threshold 
or clear-water peak value at VIV^=\ to a minimum at aboutF/F^=1.5to2, at which 
stage the bed features are developed. 
2.4.3 Influence of flow depth 
The influence of flow depth on the scour depth has been discussed by many authors {e.g., 
Chabert and Engeldinger 1956; Laursen and Toch 1956; Dey 1997; Breusers et. al, 1977; 
Breusers and Raudkivi, 1991; Hoflfinans and Verheij, 1977; Ettema, 1980; Melville and 
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Fig.2.15 Influence of flow depth on scour depth (after Melville & Southerland, 1988) 
This factor gives the most conflicting statements. For the case of live-bed scour most of 
authors claim that below some limiting water depth, scour depth decreases with 
decreasing water depth, but for water depth greater than the limiting depth, the depth of 
scour becomes independent of water depth. The limiting depth is believed to be equal to 
one or two times the pier width, on the other hand Laursen (1958) and most researchers 
influenced by the regime theory insist that for constant velocity, the depth of scour 
increases with increasing water depth. 
For clear-water case an mcrease of water depth will mcrease {U^) Thus the depth of scorn-
decreases as the depth of flow mcreases. Even for this case there is a Umitmg water 
depth, under which the depth of scour will decrease with decreasing water depth. 
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The influence of flow depth is assumed to depend predominantly on the ratio of U, I (/., 
dsAy^^lb. Breusers et. al. (1977) discuss the influence of yf^lbhvX do not distinguish 
between clear-water and live-bed scour. Most researchers state that for a 
constant f/. /(/.^, the influence of flow depth can be neglected for >'„ /6> 2 to 3. 
Neill (1964) used the data by Laursen and Toch (1956) to show that the depth of local 
scour is a function of depth of flow, for constant discharge is generally steepest, it 
increases again with fiirther increase in F/F^ to a new peak value at the transition flat bed 
condition. 
^ = 1 . 5 
r 6 A -
\y^j 
(2.28) 
Melville (1988) interpreted the water depth influence m terms of the interaction between 
the surface roller and the horseshoe vortex. He argued that the presence of the pier causes 
a surface roller around the pier and the horseshoe vortex at the base of the pier. The two 
rollers have opposite senses of rotation. In principle, so long as they do not interfere with 
each other, the local scour depth is insensitive to depth of flow. With increasing flow 
depth, the interference reduces until there is no significant effect oiy^ / 6 ~ 3 . As the flow 
depth decreases, the surface roller becomes relatively more dominant and causes the 
horseshoe vortex to be less capable of entraining sediment from the scour hole. 
Therefore, for shallower flows, the scour depth is reduced. 
Based on his envelope curves, Melville (1997) reported that the scour depth is 
independent of flow depth when^'g /6>1.43, however, this value is different from usually 
accepted value of >'„ /6>3 - 4 (Breusers et. al. 1977; Ettema 1980; and Raudkivi 1986). 
The flow shallowness 6/>'o(where iand y^ are the pier diameter and flow depth, 
respectively) can be used to classify the influence of flow depth m relation to the width of 
the pier (Melville and Coleman 2000). Table 2.1, as adapted from Melville and Coleman 
(2000), shows a classification of local scour processes at bridge pier foundation. 
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2.4.4 Influence of sediment size 
Early laboratory studies of local scour showed the effect of sediment size to be relatively 
minor. However, recent studies have shown that sediment size has definite bearing on the 
mechanism of scour (Nicollet 1971, Ettema 1980). Breusers et. al. (1977) argue that the 
influence of grain size {d) is limited for single particle size sediment. 
Breusers and Raudkivi (1991) reported on the work of Raudkivi and Ettema (1977a, b). It 
was observed that a sediment size of d^^ < 0.7 mm leads to a formation of ripples, 
whereas sediment size of d^^ > 0.7 mm do not cause ripples (Fig. 2.16). Acoording to 
Raudkivi and Ettema, for non-ripple- forming sediments (f/5(,> 0.7/w/w), experiments can 
run successfully with a flow condition,F./F.^«0.95, vvithout the upstream bed being 
disturbed by the approach flow, whereas with finer sands {d^^ > 0.7 mm) a flat bed caimot 
be maintained for the same flow condition. Breusers and Raudkivi (1991) concluded that 














Fig.2.16 Diagrammatic illustration of scour depth at a cylindrical bridge pier in uniform 
sediment. 
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2.4.5 Sediment coarseness 
The development and equilibrium depth of local scour are modified by the relative size 
bld^Q of the pier and sediment. According to Melville and Coleman (2000), b/d^^is 
referred as the sediment coarseness. Ettema (1980) for clear-water flows and Chiew 
(1984) for live-bed scour defined the influence of sediment size on scour depth at circular 
piers for imiform sediments. According to Ettema (1980), the local scour is independent 
of the sediment size libld^^ >50. Forb/d^Q <50, he explained that the reduction in 
scour for relatively large sediments were due to the large particles impeding the erosion 
process at the base of the scour hole and dissipating some of the flow energy in the 
erosion zone. Melville & Sutherland (1988) and Melville (1997) have shown that for 
design purpose, the scour depth in uniform sediments is independent of sediment size 
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Fig.2.17 Sediments coarseness factor 
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Fig.2.18 Sediment size factor for pier 
(after B.W. Melville, 1997) 
2.4.6 Influence of pier shape 
The most common shapes of piers used are circular, rectangular, square, rectangular with 
chamfered end, oblong, lenticular and Joukowski. Fig. 2.19 shows a schematic 
illustration of some pier shapes. The effect of pier shape has been reported by many 
researchers (e.g. Laursen and Toch 1956, Dey (1997), Breusers et al. 1977, Breusers and 
































Bevel - nosed 
Three piles 
Fig.2.19 Various shapes of piers 
Most investigators expressed similar opinions on the pier shape. The general conclusion 
is: the blunter the pier the deeper the scour (Keutner 1932, Laursen and Toch 1956, Shen 
et. al., 1969). Richardson et. al. (1993) contended that the shape effect for circular 
cylindrical piers and square shape, round-nosed piers the shape factor AT^  is reasonably 
constant, indicating that shape effects are insignificant. The shape of the downstream end 
of the pier is concluded to be of little significance on the maximum scour depth. The pier 
shape is often accounted for by using a shape factor. Melville and Chiew (2000) cited the 
work of Mostafa (1994) in which shape factor for uniform piers, was proposed. In 
practice, shape factors are only significant for zero degree angle of attack to the flow 
because even a small angle of attack will eliminate any benefit from a streamlined shape 
(Melville and Chiew 2000). 
For piers aligned with the flow, values of shape factor, k^ are summarized in Table 2.1 in 
terms of width to over all length ratio, bll, and pier shape, Dietz (1972). 
The cylinder is used for comparative purposes. In practice, shape factors are unportant 
only if axial flow can be assured. Even a small angle of attack of the approach flow will 
eliminate any benefit from pier shape. 
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2.4.7 Influence of pier size 
It is a fact that the horseshoe vortex system whose dimension is a function of the pier 
diameter (see, Kothyari et. al, 1992). Shen et. al. (1969) observed that the size of the 
horseshoe vortex is proportional to the pier Reynolds number i?, which in turn is a 
function of the pier diameter. Under clear-water conditions, pier size influence the time 
taken to reach the ultimate scour depth but not its relative magnitude >'j lb, if the effect of 
relative depth, >^ /Z>, and coarseness 6/^ 50 on the local scour depth are excluded 
(Breusers and Raudkivi 1991). They also concluded that the volume of the local scour 
hole formed around the upstream half of the perimeter of the pier is proportional to the 
cube of the pier diameter. 
The effect of pier size on the depth of scour local is of major interest when laboratory data are 
interpreted for field use. The opinions presented on the relationship between pier size and 
equilibrium scour depth are quite diverging. Roughly these opinions can be summarized as: 
all other fectors being kept constant, the scour depth varies as Z)^  where D is the pier width 
and0.5<=y5<l. For instance Breusers (1972) proposes/9=1, Laursen (1958) design curve 
corresponds to/9 = 0.7, Larras (1963) suggests y9=0.75 and Shen et. al. (1969) 
foundyff = 0.619. Melville (1997) indicated that d^ is independent of b whenbly^>5. 
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2.4.8 Influence of angle of attack kg 
The angle of attack of flow for piers is the angle between the flow direction and the major 
axis of the pier alignment. The depth of local scour for all shapes of pier, except 
cylindrical, depends strongly on the alignment to flow. The depth of scour is a function of 
the projected width of the pier (Fig. 2.20 a, b), i.e. the width normal to the flow (Breusers 
and Raudkivi 1991), where the projected width of the pier is the width normal to the flow 
direction. As the angle of attack increases, the scour depth increases due to the mcrease in 
effective frontal width of the pier (Melville and Coleman, 2000) and the point of 
maximum scour depth moves along the exposed side of the pier towards the rear, and the 
scour depth at the rear becomes greater than that at the front face of the pier as shown in 
Fig 2.13. The angle of attack, for which the scour becomes deeper at the rear, depends on 
the ratio of the length of the pier to its width. Values of alignment factor Ke for piers 
given by Richardson et. al. (2001) are reasonably consistent with the widely used 
Laursen and Toch. (1956) curve. In practice, the angle of attack at bridge crossings may 
change significantly durmg floods for braided channels, and it may change progressively 
over a period of time for meandering chaimels (Melville and Coleman 2000). 
(a) 
Fig.2.20 Diagramatic scour shapes at round - nosed rectangular pier (a) aligned with the flow (b) 
at an angle of attack 
The value of alignment factor Kg can be computed using the following equation of 
Richardson and Davis (2001). 
Kg = (Cos e +l/b Sin 6 f^^ (2.29) 
In which, 6 is the angle of attack of flow, / is the length of pier, b is the pier width. 
Laursen and Toch. (1956, 1953) investigated the influence of pier shape and angle of 
attack on scour depth. They defined the coeSic'ient for angle of attack " kg' as the ratio of 
scour depth at an angle of attack ' <9' to that at zero degree angle of attack and found that 
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length of round nosed pier has no influence for zero angle of attack and length/width 
ratios of 1 to 20. The authors presented also a graphic design relation for rectangular pier 
under zero angle of attack, which was expressed by Neill (1964 b) as: 
ds 
= \.5{yjh) 03 (2.30) 
The Laursen and Toch (1956) curve (Fig. 21) for flow alignment effects at bridge piers 
are widely used. For piers consisting of circular piers with spacing of more than '3b' 
(Dietz, 1973) and of course for a single circular pier, no influence of angle of attack has 
to be considered. 
30 45 60 
Angle of attack in degrees 
Fig.2.21 Alignment factor KQ for piers not aligned with flow (Laursen and Toch 1956) 
A pier consistmg of two or more circular pier seems to be an attraction over where there 
is influence of appreciable angle of attack (Chabert and Engeldinger 1956). They 
performed an extensive programme of measurement on the various aspects of local scour 
around piers. Also many devices to reduce the scour were tested (see, Fig 10, Breusers et. 
al., 1977). Influence of pier shape and angle of attack can be seen in Fig. 10 of Breusers 
et. al., (1977) wherein it is shown that at an angle of attack the scour depth may be 
minimized by streamlining the pier. 
Melville (1997) gave multiplying factors shown in Table 2.2 for flow alignment effects at 
bridge pier. 
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Fig.2.22 Diagrams that show different stages in the scour process (after Maza and Sanchez, 1964) 
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Richardson et. al. (1993) also investigated the effect of flow alignment on scour depth. 
The values of the alignment factor for piers given in Richardson et al. (1993) are 
reasonably consistent with Laursen and Toch (1956) curve. The angle of attack of 
alignment for piers is defmed as the angle between the flow direction and the major axis 
of the non - circular pier. Flow alignment effect can be very important at bridge piers with 
value kg =5, which is possible for large 6. 
The significance of flow alignment effects at pier means single circular cylindrical pier 
{kg=\ irrespective of6') or piers comprising of a single row of circular columns 
{k^kg <1.2 for all ^ and x/6>4) are to be preferred to other types when significant flow 
angles can occur. Flow alignment factors for rectangular pier are given in Table-2.3. 



















Chabert and Engeldinger (1956) mvestigated the effect of angle of attack on scour depth 
for various shapes of piers. For round nosed rectangular having length to width ratio 
equal to 4, the scour depths and factor of angle of attack k^ are tabulated under given 
hydraulic conditions as shown in Table 2.4. 




d^Q = 3 mm 
y=\5cm 
b=\5cm 












k^ = scour depth at angle 






Similarly, for two circular piers the scour depths and factor of angle of attack are tabulated 
in table 2.5. 
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Table 2.6 Scour depth and factor of angle of attack for two circular piers 
Hydraulic conditions 
F=0.65 mis 















k^ =scour depth at 
angle a/scour 





For three piles as shown in Fig. 2.14, the scour depths and factor of angle of attack k^ 
are tabulated in table 2.6. 
Table 2.7 Scour depth and factor of angle of attack for three circular piers 
Hydraulic conditions 
F=0.65 mis 















k^ = scour depth at 
angle a/scour 





2.4.9 Influence of constriction Ratio 
The constriction ratio influences the equilibrium scour depth at piers. Shen et. al. (1966) 
suggest that for the purpose of experimental investigation, the flume width should be at 
least 8 times the pier size for clear- water scour conditions so that blockage effects are 
minimized. This value is generally accepted for clear-water experiments. However, for 
live- bed scour it has been found that the flume width should be at least 10 times the pier 
size otherwise scour depths are reduced due to bed features bemg modified as they 
propagate through the constriction. 
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2.4.10 Effect of opening ratio 
The opening ratio a is defined as a=^ where B is the center-to-center spacing of 
B 
the piers and h is the pier width (Fig. 2.23). When h is small compared to 5 , or is close 
to unity and flow around one pier does not affect that around the other. However, as a 
decreases, the mterference effects become more pronounced and scour depth increases, in 
such a case— or—oca"". Here >',,and y.^are scoiir depths below the water surface 
* >'o 
for sediment transporting and clear-water flows respectively. The analysis of extensive 
data collected by Garde et. al. (1987) indicates that n=30. 
////////////////////////////y/////////y,///,/yyy. 
Fig.2.23 Schematic Diagram of Flume wth Pier 
2.4.11 Influence of sediment grading 
The effect of grain size distribution on the local depth of scour at a pier was studied by 
Raudkivi and Ettema (1977a, b). Sediment gradation is usually characterized using the 
geometric standard deviation of the grain size. 
d. ,1/2 
''-'U 84 (2.31) 15.9 J 
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Ettema (1980) and Garde et. al. (1989) showed that both the rate of scour and the 
equilibrium scour depth decreases as the standard deviation of the particle size 
distribution increases due to the formation of armor layer at the base of the scour hole. 
Raudkivi et. al. (1977) showed that the depth of clear-water scour is a fianction of 
standard deviation a of the grain size distribution of the bed material and independent of 
the gram size in coarse grained, non-ripple-forming sediment (d > 0.7 mm) where 
dJb=2.\-2.7>iox cr=0 and decreases with increasing crld^^. 
In practice the possible maximum value of the equilibrium depth of clear-water scour, 
y^^ (cr)/6 can be estimated from 
b 
(2.32) 
Where '^j^the equilibrium is scour depth in uniform sediment, a^ sl.O. The k^ value as a 
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Fig.2.24 Coefficient of k^ as a function of the geometric standard deviation of the particle size 
(after Raudkivi and Ettema, 1977a, b) 
Under live-bed conditions the major effects of sediment grading are the following: 
(i) The grain size and grain size distribution affect the type and height of bed 
features and hence, the range of variation of scour depth from its mean value 
under given conditions; 
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(ii) The grain size distribution affects the armoring process of the bed and hence, 
the mean scour depth at given conditions of flow; 
(iii) If the larger grains of the distribution are near the threshold condition, they tend 
to accumulate in the local scour hole. This increases the porosity of the bed and 
more of the downflow disperse there, i.e., its ability to scour is reduced: 
(iv) If the large grains become large relative to the pier size, the local scour depth decreases. 
2.5 Equilibrium Scour Depth and Time of Equilibrium 
Equilibrium scour is said to occur when the scour depth does not change appreciably with 
time. The concept of an equilibrium scour condition is widely reported in literature 
Franzetti et. al. (1982). They refer to equilibrium as the state of scour development where 
no further change occurs with time. Several investigators have come up with different 
defmitions of time to equilibrium scour depth {e.g. Heidarpour et al., 2003; Zarrati et. al, 
2004; Mia and Nago 2003; and Sheppard et. al, 2004). Ettema (1980) defmed the time to 
equilibrium scour d& the time at which no more than 1 mm of incremental scour was 
realized within a timeframe of four hours. Sheppard et. al (2004) and Melville and 
Chiew (1999) stopped their experiments when the change in the scour depth did not 
exceed 5% of the pier diameter during a 24 -hour period. The variation of scour depth 
with tune is shown by Raudkivi and Ettema (1983) in Fig. (2.25). 
Tmnfr-averaoed cqutHwuni Equittinum scojr iJepfr 
tcour aeplh n live b«d scour in ciear water scour 
« 
Ticne. I 
Fig.2.25 Scour depth for a given pio- and sediment size as a fiinction of time (Raudkivi and Ettema 1983) 
2.5.1 Development of Maximum Scour Depth with Time 
The behavioral pattern of scour at a cylindrical pier with respect to the variation of scour 
depth with time was discussed by Chabert and Engeldinger (1956). In clear-water scour. 
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equilibrium scour depth is approached asymptotically with time, while in live-bed scour, 
the scour develops rapidly and then fluctuates in response to the passage of bed-forms. 
The equilibrium scour depth in live-bed scour is 10% less than that in clear-water scour 
10% condition (Shen et. al, 1969). 
2.6 Interference Effects of Multiple Piers on Flow 
Many investigators have extensively studied the interference effects of two proximate 
circular cylinders placed in a free stream flow over rigid flat bed. The main findings of 
the investigation are well documented in Zdrakovich (1977 a, b, and 1987). A brief 
outline of the distinct features of the flow may be noted as follows: 
2.6.1 Tandem arrangement {ue., aligned in the flow direction) 
When the longitudinal spacing ( Z J is less than a certain critical spacing 
X^^=\.9b to2.5b, the downstream cylinder shields the wake of the upstream cylinder 
producing stagnant fluid in the intermediate space and suppressing the vortex shedding 
from the upstream cylinder completely. The actual value of X^^ depends on R^D and free 
stream turbulence. 
2.6.2 Side by side arrangement (/.e., spaced laterally apart) 
There exists a bistable characteristic of the flow in the gap between cylinders for 
1.4<Z^ / Z)> 2.0 where Z^ is the lateral spacing of the cylinders. In this case, the flow in the 
gap biases towards one cylinder and then switches to the other intermittently. 
Consequently frequencies of vortex shedding exist with the higher value corresponding to 
the narrow wake and the lower value of the wide wake. 
2.6.3 Staggered arrangement {i.e., spaced both longitudinally and laterally) 
The flow is characterized by biased flow towards the upstream cylinder so that the near 
wake of the upstream cylinder is always narrower than that of the downstream cylinder. 
As a result the frequency of the vortex shedding for the former body is always higher 
than for the later. 
The flow around two cylinders in simple shear flow was investigated by El-Taher (1982, 
1984, and 1985). It was found that influence effects in a linearly sheared flow normal to 
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the cylinder axis were larger than the correspondmg effects in potential flow. Also, the 
free stream shear had a stabilizing effect on the intermittent change over flow pattern at 
the critical arrangements. 
It must be noted that the flow characteristics at the junction of multiple piers with bed, 
which are related to the scour process, have not been studied so far. 
2.7 Interference Effects of Multiple Piers on Local Scour 
Local scour at a bridge pier is considerably influenced by nearby piers. Studies on this 
aspect of local scour reported in literature are reviewed here. 
Timonoff (1929) performed a model study to investigate the importance of stream wise 
spacing of bridge piers in the case of parallel bridges. Based on the observed sheltering 
effect of upstream pier on the downstream pier he recommended that new bridge piers 
should be located in the immediate vicinity of old piers and axially aligned. 
Tison (1940) carried out a model study to investigate the lateral spacmg of piers, placed 
in side-by-side arrangement, on scour depths. He found a mutual interference on 
maximum scour depth for Z^ /Z>> 4.3, where ZJb\s the lateral spacing of piers measured 
from center to center. 
Dietz (1973) made a study of the angle of attack (^) on maximum scour depth around 
laterally separated circular piers. He concluded that scour depth is not influenced by {0) 
for Z^ /6>3 . 
Basak et. al. (1975) showed that for a row of square piers aligned with the flow, 
maximum scour always occurred at the upstream face of the first pier where no influence 
of spacmg and number of piers on scour depth was found. For other piers minimum scour 
was observed for XJb=A for rows perpendicular to the flow (that is, side by side 
arrangement), scour depth was found to decrease with increase in spacing u p t o X J b - 5 . 
Hannah (1978) carried out detailed investigation on local scour at groups of cylindrical 
piles with steady and uniform flow and clear-water condition. Four of the mechanisms 
involved in the scouring process at pile group were identical as: 
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(i) Reinforcing 
It causes increased scour depths at the front pile. Bed material is continuously lifted from 
the base of the hole by the flow, which is not, however, capable of removing this material 
from the scour hole. When the downstream pile is so placed that the scour holes overlap, 
the bed level is lowered at the rear of the upstream scour hole. It is, thus, easier for the 
flow to remove material from this hole and it deepens. As the pile separation increases, 
the reinforcing effect decreases gradually and disappears when the maximum bed level 
between the piles returns to the undisturbed bed level. 
(ii) Sheltering 
The presence of an upstream pile can cause a reduction in effective approach velocity for 
downstream pile. This reduction weakens the effect of horseshoe vortex and thereby reduces 
scour at the downstream pile. A second form of sheltering occurs if the material scoured from 
the upstream pile is deposited on the bed in front of the downstream pile. Flow is then 
deflected up from the bed near the downstream pile, which reduces the horseshoe vortex 
strength. As pile separation increases, the velocity deficit in the wake of the upstream pile 
disappears and the sheltering effect decreases. All the studies of scour around pier groups 
substantiate the existence of sheltering mechanism for small angles of attack. 
(iii) Vortex shedding 
Vortices shed from an upstream pile are convected downstream. When a second pile is so 
placed close to one of the vortex shedding paths, the vortices assist in lifting the material 
from the scour hole. The scouring potential of the shed vortex is a function of its 
convection speed and of the distance between the path and the affected pile. This effect, 
therefore, decreases more rapidly for piles in line with the flow than for those at angles of 
attack which place downstream piles on the paths traced by vortices shed by upstream pile. 
(iv) Horseshoe vortex compression 
When piles are placed transverse to the flow, each will have, except at very close spacing, its 
own horseshoe vortex. As pile spacing is decreased, the inner arms of the horseshoe vortices 
will be compressed. This causes velocities within the arms to increase with a consequent 
increase in scour depths. This compression also exists for piles in staggered arrangement. 
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The interference effects on scour depth at places in various arrangements as reported by 
Hannah (1978) can be summarized as under. 
2.7.1 Two Piers in tandem arrangement (Angle of attack 0**) 
The scour depth at the front pier is the same as for a single pier atX^ /6=1. As separation 
between the piers increases, the front pile experiences the reinforcing effect which 
reaches a maximum at X^ lb = 2.5 and is evident up-toX^ lb=\\. For larger spacmgs, the 
scour depth is the same as for a single pier. 
The scour depth at the rear pier is reduced due to sheltering effect. AiXJb = \, the 
sheltering is complete with the two piers acting as one entity. The maximum scour depth 
in the resulting scour hole occurs at the front pier with the scour depth at the rear pier 
being only 87% of the maximum. As separation between the piers increases, the 
sheltering effect reduces and aXXJb = 2,di horseshoe vortex forms around the rear pier 
and increases in strength with separation. Therefore, vortices shed from front pier close 
enough to the rear pier, enhances the scouring. Scour depths at the rear pier thus increases 
with separation and reach maximum dXXJb^6. At larger separations, scour depths 
reduce as a resuh of decrease in the vortex shedding effect and attain a maximum 
3iXJb=\.l. With further separation, only the wake sheltering effect remains and this 
too progressively weakens. 
2.7.2 Three piers in tandem arrangement 
With three piers in line at equal spacings up to x/b=6, {x is the centre to centre pier 
spacing between the piers and b is the pile diameter) the scour at the middle pile was 
deeper and at the third pile, shallower than at the downstream pile of the two-pile group. 
2.7.3 Two piers in side by side arrangement (Angle of attack 90°) 
AtZ^ lb=\, the piers act as a twm pier and its scour depth has been found to be 1.93 
h^i (//,; = scour depth for isolated pier) in accordance with the notion of scour depth being 
proportional to the front width of the pier. It has been found that the scour depth 
decreases rapidly with separation to 1.3 h^^ axZ^ /b=l.5. Separate horseshoe vortices form 
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only at ZJb=2,but their arms are compressed due to the close spacing, thereby 
increasing their scouring potential. The horseshoe vortices get progressively de-
compressed as Z^/6 increases and at ZJb>% the scour depth is essentially that of a 
single pier. The scour holes become separate entities atZ^ /6>11. 
2.7.4 Piers in staggered arrangement 
This case -was investigated in two phases. In the first phase the angle of attack was fixed 
at 45° and the separation between the piers was varied. The effect of angle of attack at 
constant radial spacing R = 5b, was investigated in the second phase of investigation. 
(a) Phase - 1 (angle of attack, 45°) 
The scour depth of twin pier was found to be 1.77 h^^. The scour depth at the rear pier 
exceeded that at a fi-ont pier for all values of i?/6 between 1 and 11. At greater 
separation, the piers were found to be acting independently having scour depths equal to 
that of a single pier. Increased scour depths at the rear pier were attributed to the action of 
vortex shedding from the front pier and compression of the horseshoe vortices between 
the two piers, which together overcome any sheltering effect. The maximum difference 
between front and rear scour depths was observed at i? / 6 = 4. 
(b) Phase -11 (Effect of angle of attack,a) 
The scour depth at the front pier is found to be relatively insensitive to angle of attack, 
varying by less than 5% of its value at^=0°. Scour depths at the rear pier are much more 
sensitive to changes in angle of attack. At small angles, (^<15°), the dominant effect at 
the rear pier is sheltering by the front pier. As {6) increases, sheltering is reduced and the 
pier is affected by vortex shedding. Consequently, scour depth increases reaching a 
maximum for i? / Z> = 5 at approximately <9=45°. Scour depths reduce when the pier moves 
clear of the shed vortices and approach that of a single pier as (J9) approach 90°. 
Elliott and Baker (1985) investigated the effect of lateral spacing on scour depth for 
clear-water conditions. They too demonstrated the enhanced scouring affect of close 
lateral spacing {ZJb)<l,and explained increased scoiir effect by coimre^siojoi' of 
horseshoe vortices and the accelerated flow in the contracted zone~betv^eelijpierSr 
Shah (1988) investigated mutual interference effects of neighboring bridge piers on scour 
depths using fine sand for two bed configurations namely, threshold condition and ripple 
bed condition. Significantly among his results, for staggered pattern (two upstream piers 
laterally separated and downstream pier on the normal bisector of the former), he 
reported that the downstream pier scour depth exceeds the isolated pier scour depth, but 
the former asymptotically approaches the latter for large XJb.Ue also found that an 
increase in the lateral spacing of upstream piers diminishes the mutual interference effect 
on their scour depth. Salient points emerging from the above account on interference 
effects are summarized below. 
Babaeyan-Koopaei and Valentine (1999), Choi et al. (2001) Sidek and Ismail (2002) have 
made some studies on scour aroimd group of piers. However, these studies have provided 
limited data. 
2.7.5 Tandem arrangement 
All investigators have reported that rear pier scour depth is less than that of isolated pier, 
but there is some difference in opinion regarding the front pier scour depth. Timonoff 
(1929), Basak et. al. (1975) and Shah (1988) have reported that the front pier scour depth 
is not affected by the presence of the rear piers, whereas Hannah (1978) reported an 
increase in the front pier scour depth due to the reinforcing effect. 
2.7.6 Side-by-side arrangement 
Interference effects resulting in increased scour depths have been always observed for 
lateral spacing less than some limiting spacing between 3b and 86 . Beyond the limiting 
spacmg, no effect of one pier on its neighboring pier scour depth was observed. 
2.7.7 Staggered arrangement 
Hannah (1978) showed that the front pier scour depth is far less sensitive to the angle of 
attack compared to the rear pier scour depth. The latter increases from h^ //i^, =0.95 at 
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<9=0°to around h^ //z ,^ =1.2 at<9 = 45°, and then starts decreasing, where h^, is the depth 
of scour for an isolated pier. 
It is evident from the literature cited above that there is paucity of information on the 
effects of mutual interference on local scour at bridge piers. The following deficiencies, 
in particular, may be noted. 
(1) Most studies of local scour around bridge piers are confined to an isolated pier. The 
studies of local scour at multiple piers are Umited and also confined to limited extent. 
(2) All of the available scour depth models are developed for an isolated pier. Ahnost no 
scour depth model, except Elliott et al. model for transverse piers, is cited in the 
literature which takes into account the effect of mutual interference of bridge piers on 
local scour. 
(3) The flow characteristics at the junction of multiple piers with bed, which are related 
to the scour process, have not been studied so far. 
(4) The interference effects on local scour due to multiple piers have been observed and 
recognized but information on this aspect is limited, and rigorous physically sound 
modeling does not seem to within reach yet. 
(5) Most studies of scour protection are confined to an isolated pier and the studies 
concerning scour protection at multiple piers are scarce. 
2.8.0 Local scour countermeasures 
The local scour has the potential to threaten the structural integrity of bridge piers, 
ultimately causing failure when the foundation of the pier is undermined. Besides the 
human loss, bridge failures cost millions of dollars in direct expenditure for replacement 
and restoration m addition to the indirect expenditure related to the disruption of 
transportation facilities. A series of recent bridge failures due to pier scour, as reported by 
Wardhana and Hadipriono, (2003), S. Dey and Barbhuiya (2004) and Hoffinans and 
Verheij (1997), rekmdled interest in furthering for developing improved ways of 
estimating the maximum scour depth and protecting bridges against the ravages of scour 
(Fig. 2.26). 
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Fig. 2.26 Photo of Schohaire Creek Bridge April 5. 1987. Courtes> of the National Bridge 
Inventor* Web Page. 
2.8.1 Reduction and protection of scouring around bridge piers 
Scour around bridge piers as a result of flooding is the most common cause of bridge 
failure (Richardson and Davis, 1995; Johnson and Dock, 1996; Lagasse et. al, 1995; 
Melville and Hadfield, 1999). The bridge failures result in excessive repairs, loss of 
accessibility, or even death (Chiew, 1995).The potential cost including human toll and 
monetary cost of bridge failure due to scour damage has highlighted the need for better 
scour prediction and protection methods. A large depth of foundation is required for 
bridge piers to overcome the effect of scour which is a costly proportion. Therefore, for 
safe and economical design, scour around the bridge piers is required to be controlled. 
The problem of local scour of sediment around bridge piers has been studied extensively 
for several decades. The design guides, like- HEC-18 (Richardson and Davis, 1995) and 
the Indian Road Congress Code IRC-78 ("standard" 1983) - require deep and expensive 
pier embedment in rivers. To reduce this depth of embedment, efforts have been made to 
reduce the depth of scour by placing the riprap around the pier (Brice et. al., 1978; Croad, 
1993; Parola,1993; Yoon et. al., 1995; Worman 1989, (Lim and Chiew, 1996 and 1997); 
Lim, 1998; Chiew and Lim, 2000; Lim and Chiew, 2001), providing an array of piles in 
front of the pier (Chabert and Engeldinger, 1956 and Melville and Hadfield, 1999), a collar 
around the pier (Schneible, 1951; Thomas 1967; Tanaka and Yano 1967; Ettema 1980; 
Chiew, 1992; kumar et al, 1999, Zarrati et al, 2004, Zarrati et. al, 2006), submerged 
vanes (Odgard and Wang 1987), a delta-wing-like fin in front of the pier (Gupta and 
Gangadharaiah, 1992), a slot through the pier (Chiew, 1992; Kumar et al, 1999) and 
partial pier-groups (Vittal et al, 1994) and tetrahedron frames placed around the pier. 
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2.8.2 Flow pattern and mechanism of scouring 
The performance of any scour protection device around bridge piers depends on how the 
device counters the scouring process. Flow mechanism of scouring around a bridge pier 
is very complex and has been investigated by various researchers (Chabert and 
Engeldinger, 1956; Hjorth, 1975; Melville, 1975; Melville and Raudkivi, 1977; Dargahi, 
1990; Ahmed and Rajaratnam, 1998 and Graf and Istiarto, 2002). 
The vortex system and down-flow are the principal causes of local scour. At the upstream 
face of the pier, the approach flow velocity goes to zero. This causes an increase in 
pressure. Due to this phenomenon the water surfece level in front of pier increases. As the 
flow velocity decreases from the surface to the bed, the dynamic pressure on the pier face 
also decreases downwards. The downflow digs a hole in front of the base of the pier, rolls 
up and by interaction v^th the coming flow forms a complex vortex system (Fig.2.27). 
Fig. 2.27 Diagrammatic flow pattern at a cylindrical pier (after Raudkivi, 1986) 
Based on mechanism of scour, countermeasures to control the local scour at bridge piers 
can be grouped in two categories. 
2.8.3 Armoring devices 
Using this device, the streambed resistance is increased by placing the riprap and gabions 
around the piers. Several researchers (Brice et al, 1978; Croad, 1993; Parola, 1993; 
Yoon et. al, 1995; Chiew, 1995; Worman 1989, (Lim and Chiew, 1996 and 1997); Lim 
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et. al, 1998; Chiew and Lim, 2000; Lim and Chiew, 2001) have attempted to determine 
the size and extent of the riprap layer. 
2.8.4 Scour protection using rip-rap 
One of the methods to stop the scouring action of horse-shoe vortex is to provide 
materials, which cannot be detached from its position. The use of riprap stones to deal 
with pier scour problems is very common in civil engineering practice. However, riprap 
layers often fail to protect bridges during floods despite placement of riprap stones 
around its foundation. One of the main reasons of such failure is the general movement of 
sediment during severe flood conditions. During floods, a live-bed condition with the 
presence of bed features, e.g. ripples and dunes, is very likely to occur. The movement of 
bed sediment along the channel and the propagation of bed features cause the immobile 
riprap stones to lose their stability, eventually embedding into the bed. This type of 
failure, earlier reported by Lim et al, (1998) and Chiew and Lim (2000), has also been 
reported by Brice et. al. (1978), Croad (1993) and Lim and Chiew (1996 and 1997) in 
field and laboratory studies, respectively. Various design criteria have been suggested 
(Bonasoundas, 1973; Neill, 1973; Richardson et. al, 1993; Posey, 1974; Breusers et. al, 
1977 and Chiew, 1995). The parametric studies on the embedment process of riprap 
stones have also been conducted (Chiew, 1995; Chiew and Lim 2000; Hager, 2006). 
2.8.5 Flow altering devices 
Using flow altering devices, the shear stresses on the riverbed, in the vicinity of pier, are reduced 
by altering the flow pattern around a pier which in turn reduces the scour depth at the pier. 
Attempts have been made by several investigators to reduce the depth of scour around a 
pier using flow altering devices (Schneible, 1951; Chabert and Engeldinger, 1956; 
Thomas, 1967; Tanaka and Yano, 1967; Ettema, 1980; Odgard and Wang, 1987; Chiew, 
1992; Gupta and Gangadharaiah, 1992; Chiew, 1992, Vittal et. al, 1994; Melville and 
Hadfield, 1999; Kumar et. al, 1999; and Zarrati et. al, 2004, 2006). 
2.8.6 Scour reduction using slots 
Reduction of scouring by indirect method can be achieved by using a slot through the 
pier, which helps to pass most of the flow through it because of a favorable pressure 
gradient and balance would be left to cause much reduced scour damage (Chiew, 
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1992;Vittal et. al, 1994; Kumar et. al, 1999). The basic principle of using a slot is either 
to divert the downflow away from the bed, or to reduce the downflow impinging on the 
bed. The width, length and location of the slot are significant parameters. When the slot is 
placed near the bed, the oncoming flow at the bottom boundary layer accelerates through 
the slot as a horizontal jet. 
C H A N N E L 
R E C T A N G U L A R 
SLOT 
Fig.2.28 Slot through a pier 
Since the downflow at the pier is perpendicular to the jet, the latter deflects the downflow 
away from the bed, reducing its scouring potential. There are limitations on the use of a 
slot through pier. The danger of choking of the slot space due to debris and floating 
materials is very high. They also reduce the strength of pier structure. Hence, they cannot 
be considered as good scour protection device. Chiew (1992) proposed a vertical slot in a 
cylindrical pier of scour reduction. Kumar et. al. (1999) also used piers slot for scour 
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Fig.2.29 Various Types of Slots 
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2.8.7 Scour reduction using collar 
When a collar is installed around the pier, the direct impact of the down flow on the 
streambed is prevented, which not only causes reduction in the maximum scour depth but 
also the rate of scouring is also reduced considerably. Reduction in the rate of scouring 
reduces the risk of pier failure when the duration of flood is low. 
The scour reduction efficiency of collars has already been established in earlier studies 
(Zarrati et. al, 2006; Zarrati et. al, 2004; Kumar et. al, 1999; Chiew, 1992; Ettema, 
1980; Tanaka and Yano, 1967; Thomas 1967; Schneible, 1951). Chiew (1992) also tested 
a collar with an effective width of three times the pier diameter installed at 0.2b above the 
sediment bed together with a slot 0.25 D wide with a length of lb near the bed and 
reported zero scour depth at the pier. Kumar et. al. (1999) performed a series of 
experiments on effectiveness of collar for control of scouring around circular bridge piers. 
They concluded that with a collar at the bed when W\sA times pier width, there will be no 
scour in front and sides of the pier, but a deep scour hole forms at the pier's rear. For the 










dsp = depth of scour on pier without a collar 
dsc = depth of scour on pier with a collar 
B = diameter of collar 
b = diameter of circular pier 
H = elevation difference between water surface and collar surface 
Yo = depth of water above bed elevation 
Zarrati et. al. (2004) conducted a series of experiments using a collar for control of 
scouring around rectangular pier having a collar with the same width all around the pier. 
They used two sizes of collars (W = 2b andW =2b). As the rectangular piers are 
sensitive to the angle of attack of flow and scour depth around them increases rapidly 
with an increase in angle of attack (Laursen and Toch, 1956; Ettema et. al, 1998), Zarrati 
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Fig.2.30 Schematic illustration of a pier fitted with a collar 
Zarrati et. al. (2006) examined experimentally the scour depth reduction efficiency of 
collar around a group of two circular piers aligned with the flow (Fig.2.31) and transverse 
to the flow (Fig.. 2.32). ,— CoUar i 
Flow 







Fig. 2.31 Group of two piers with collar aligned with the flow 
r::\ 
Flow Circular oiers 
Collar 
Fig. 2.32 Group of two piers with collar aligned transverse to the flow 
The space between two piers was covered with rip-rap. The data showed that in the case 
of two piers in line, combination of continuous collars and riprap resuhs in the most 
significant scour reduction. Experiments however, indicated that collars were not so 
effective in reduction of scouring around two transverse piers. 
63 
2.8.8 Scour reduction using sacrificial piles 
A group of piles located upstream of the pier generates as many turbulent wakes as the 
number of piles and creates relatively low velocity wake region with interacting 
individual pile wakes. The net result is reducing the horse-shoe vortex strength and 
consequent reduction in scour depth significantly. Vittal et. al. (1994) studied a group of 
three circular smaller size cylinders as a replacement of an equivalent pier having a 
diameter circumscribing the three smaller size cylinders to reduce the scour depth. 
Chabert and Engeldinger (1956), conducted experiments to mvestigate the scour 
reduction using sacrificial piles. A recent laboratory study of use of sacrificial piles to 
protect pier against scour is reported by Melville and Hadfield (1999). They concluded 
that effectiveness of sacrificial piles as a scour counter-measure is dependent on the 
velocity flow angle and flow mtensity. For sacrificial piles are meffective as scour 
counter-measure under live-bed condition. For sacrificial piles produces moderate 
reduction m scour depth. Submerged piles were found slightly more effective than full 
depths. Finally they concluded that sacrificial piles may not be recommended as effective 
scour counter-measure, imless the flow remains aligned and the flow intensity is small. 
2.8.9 Foundation caissons 
Chabert and Engeldinger (1956) investigated a circular pier foimded on a circular caisson 
and concluded that the best system appeared to be a caisson having diameter three times 
the diameter of pier and the top elevation above half the diameter of the pier below the 
natural bed. They reduced the scour depth one-third that reached with the pier alone. 
Shen and Schneider (1969) investigated a variant of the caisson system m which the 
caisson surrounded by vertical lip (cut off sheet pile) was used. The main idea was to 
contain the horse-shoe vortex in side an enclosure allowing it escape downstream. The lip 
certainly allows a reduction in dimensions of the caisson. 
2.8.10 Delta-wings like passive device 
The geometrical feature of delta-wing like passive device shown in Fig. 2.33. The passive 
device was developed using aerodynamic principal flow past delta-wing like plate with 
negative angle of attack. This position of delta-wing reverses the sense of rotation of 
trailing vortices. 
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(a) Semicircular contact 





(b) Point contact 
Fig.2.33 Definition of a delta wing-like passive device (after Gangadhariah and Gupta, 1992) 
When this device attached to the leading edge of the pier junction, it modifies rotational 
direction of the horseshoe vortex as shown in Fig.2.33. Reversal in the direction of 
rotation of horseshoe vortex causes the scouring away from the pier and depositing the 
sediment near the pier. This action strengths the stability. Gangadhariah and Gupta (1992) 
proposed the use of a delta wing like device infront of the pier for scour reduction. 
2.8.11 Other methods of scour protection 
Among other methods available in literature a few are discussed here. They are 
submerged vanes (Iowa vanes), slanting vanes on the front face of the piers and armoring 
using different types of artificial material (Parker et. al, 1998). 
2.8.12 Submerged vanes 
Various vanes rectangular plates were held at an angle in the horizontal direction of flow. 
They diverted the flow to one side and also caused tip vortices generation at their rear 
edge. These tip vortices were able to disrupt the horse-shoe vortex which might result in 
reduction in scour depth. The array of vanes provided upstream of the pier directed the 
eroded sediment into the scour hole and thus retarded the scouring process. Sketch 
showing dimensions and plan layout in front of bridge piers is shown in Fig.2.34. 
65 
(a) with passive device (b) without passive device 
Fig.2.34 Flow Modification by Passive Device (after Gangadhariah and Gupta, 1992) 
2.8.13 Other methods of scour protection 
Among other methods available in literature a few are discussed here. They are 
submerged vanes (Iowa vanes), slanting vanes on the front face of the piers and armoring 
using different types of artificial material (Parker et. al, 1998). 
2.8.14 Submerged vanes 
Various vanes rectangular plates were held at an angle in the horizontal direction of flow. 
They diverted the flow to one side and also caused tip vortices generation at their rear 
edge. These tip vortices were able to disrupt the horse-shoe vortex which might result in 
reduction in scour depth. The array of vanes provided upstream of the pier directed the 
eroded sediment into the scour hole and thus retarded the scouring process. Sketch 
showmg dimensions and plan layout in front of bridge piers is shown in Fig.2.35. 
Fl0A\ 
> > . > ^ 
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Fig.2.35 Definition sketch of submerged vanes (after Parker et. al, 1998) 
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2.8.15 Slanting vanes on front face of piers 
Slanting vanes with downward orientation were attached on either side of splitter plate 
locating on the line of symmetry of the pier front face. The details of the vane are shown 
in Fig.2.36. The design principal of this is to suppress down swelling zone of horse-shoe 
vortex. This device needs fiarther testing for its use. 




Fig.2.36 Slanting vanes attached to pier (after Parker et. al, 1998) 
2.8.16 Stone gabion with geotextile filter 
Stone gabions consist of bundles of stones laid in wired net box and each gabion is 
interconnected with the neighboring stone box. Geotextile filter is used below the stone 
gabion. This is needed to stop the suction of sediment from the bed through the gabion 
due to resulting reactions of scouring mechanisms. Geotextile filter is of non-woven type. 
2.7.17 Use of tetrapods as artificial rip-rap 
Artificial materials like tetrapods (Fig. 2.37) may be stacked around bridge pier. They 
interlock themselves by creating good bond in between. Their performance as scour 
protection device is good. (Parker et. al, 1998). 
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Fig. 2.37 Definition sicetch of placement of tetrahedron fi-ames (after Parker et. al., 1998) 
2.7.18 Concrete filled fabric mats 
These are similar to riprap. Concrete filled fabric mats are laid around the bridge piers. 
They form rigid surface, which prevents scouring action. (Parker et. al., 1998). 
2.8.19 Concluding remarks 
Flow altering devices can be more economical, especially when the riprap material in 
required amount is not available near the bridge site or is expensive. However, there are 
certain limitations on the use of these flow altering devices to reduce the scour depth at 
piers. A slot may be blocked by floating debris. In addition to this, its construction is 
difficult. Sacrificial piles may become ineffective when the flow approaching the piers 
changes its direction. A thin collar plate skirting around bridge piers at or below the bed 
level which diverts the down flow and shields the streambed from its direct impact is 
therefore, a very effective mean of protection against scour. The application of collar 
around a single cylindrical and rectangular pier has been tested; however, scanty 
information is available in literature about the application of collar on group of piers. 
2.9 Scour Depth Prediction Using Artificial Neural Network (ANN) 
It is extremely difficult to formulate mathematical models that accurately represent the 
scour process and the geometry of the scour hole which develops under the influence of 
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three dimensional flow field around a pier. Thus, it is a common practice to apply empirical 
relationships based on the regression methods performed on laboratory data for estimation 
of the scour around a pier. However, due to complexity of the scour problem empirical 
relationship based on laboratory data are not strong enough to deal with the problem of 
estimating the scour depth around a pier. Moreover, since there are numerous effective 
parameters and the interaction of these parameters is highly complicated, therefore, the 
accuracy of the empirical relationship is very subjective and highly depends on the users 
ability and knowledge. In the light of above numerous approaches for the estimation of 
scour depth around piers have been carried out in the past (Laursen and Toch, 1956; Shen, 
1971; Hancu, 1971; Breusers et. al, 1977; Melville and Southerland, 1988; and DOT U.S., 
1993). In addition, some relevant studies on the mechanism of flow around pier type 
structures have been conducted recently (Sumer and Fredsoe, 1994, 1997). However, there 
is a lack of reliable formulas for predicting the scour depth to cover all possible ranges from 
the aforementioned methods. The results from the existing method show up to 100% 
variation resulting in an increase in the cost of the protection methods against scour and the 
foundation of the piers. Recognizing these difficulties and the importance of improving 
prediction capabilities a great number of researchers have been engaged in exploring and 
refining methods for improving traditional physical based analysis. 
Recently Artificial Neural Networks (ANNs) are being widely ^plied in various areas of 
hydrology and water resources engineering to overcome the problem of exclusive and the 
non-linear relationships. Some of the examples of ANNs application are the prediction of 
rainfall intensity (French et. al, 1992), assessment of the stability of an armor unit and rubble 
mound breakwater and estimation of wave forces acting on structures (Mash, 1992), river 
flood forecasting (Campolo et. al., 1997; Tide forecasting (Tsai and Lee, 1999; Lee and Jeng, 
2002 and Lee, T.L., 2004), earthquake induced liquefaction (Lee et. al, 2002), simulation of 
wave parameters, end depth computation in inverted semicircular channels Dey et al (2004), 
(Makarynskyy et al, 2004 and Makarynskyy, 2005), storm surge prediction (Lee T.L., 
2006). Sediment transport in open channels (Trent et al, 1993) prediction of estuarine 
instabilities (Grubert J.P., 1995) sediment load prediction in rivers (Nagy, H.M., 2002). 
Birikundavyi et. al (2002) investigated the performance of neural networks as potential 
models capable of forecasting daily stream flows. An appropriate model was identified 
and the results were compared with the results produced by conceptual model presently in 
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use. It was found that the neural networks perform better than the deterministic model for 
upto 5-day ahead forecasts. It was also found that the results obtained with the neural 
network approach were far superior to the once obtained with the classic model. 
Nagy et. al. (2002) used an ANN model to estimate the natural sediment discharge in 
river in terms of sediment concentration. Several trials were made to design a suitable 
architecture of the network. The model was trained with measured field data of variables 
selected on the basis of fluid and sediments dynamics. Model validation was done with a 
large number of data from several rivers. The results indicated that a neural network 
approach estunates sediment concentration well compared to conventional methods. 
Coppola et. al. (2003) demonstrated the feasibility of training an ANN for accurately 
predicting transient water levels in a complex multilayered ground water system under 
variable state, pumping and climate conditions. The ANN was trained to predict transient 
water levels in response to changing pumping and climate conditions. The trained ANN 
was verified with ten sequential seven day periods and the results compared against both 
measured and numerically simulated ground water levels. The results indicate that the 
ANN technology has the potential to serve as a powerful prediction and management tool 
for many types of ground-water problems. 
A few investigators have addressed the uncertain issue of scour around pier type 
structures with the help of the ANN. Examples of latter studies mclude (AzmatuUah et. 
al, imi; Bateni and Jeng, 2007; Bateni et. al, 2006; Choi and Cheong, 2006; Jeng et. al, 
2005; Azinfar et. al, 2004; Khosronejat et. al, 2004; Kambekar and Deo, 2003; Liriano 
and Day, 2001; and Trent et al, 1993). 
Kambekar and Deo (2003) carried out scour data analysis using neural networks. 
Different networks were develop to predict the scour depth based on the input parameters 
of wave height, wave period, water depth, pile diameter, maximum wave particle 
velocity, maximum shear velocity. Shields parameters and Keulegan carpenter number. 
The design neural network was able to provide a better alternative to the statistical curve 
fittmgs with weight matrix developed to predict non-dimensional scour depth from the 
input of the wave height, wave period and water depth. 
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Khosronejad et. al. (2004) carried out estimation of scour hole properties around vertical 
piles using ANNs. Two different ANNs including multilayer perception and radial basis 
functions neural networks were used for this purpose. It was demonstrated that the designed 
ANNs could satisfactorily modeled non-linear relationships between input parameters 
(wave height), water depth, wave period, maximum velocity, maxunum shear velocity and 
Shields parameters) and output parameters (scour hole depth and width of scour hole). 
Jeng et. al. (2005) made neural network assessment for scour depth aroimd bridge piers. 
The equilibrium scour depth was modeled as a function of five variables; flow depth, 
mean velocity, critical flow velocity, mean gram diameter and pier diameter. 
Bateni et. al. (2007) appUed Bayesian neural networks for prediction of equilibrium and 
time dependent scour depth around bridge piers. The equilibrium scour depth was 
modeled as a function of five variables; flow depth and mean velocity, critical flow 
velocity, median grain diameter and pier diameter. The time variation of scour depth was 
also modeled in terms of equilibriiun scour depth, equilibrium scour time, scour time, 
mean flow velocity and critical flow velocity. The Bayesian network predicted 
equilibrium and time dependents scour depth much better when it was trained with the 
original scour data, rather than using a non-dimensional scour data. 
Choi and Cheong (2006) investigated prediction of local scour around bridge pier using 
ANNs. Sixty four data sets from four different experiments were used to train the model. The 
prediction results by ANN were better than the results produced by empirical relationships. 
Bateni et. al. (2007) made neural networks and neuro-fuzzy assessment for scour depth 
around bridge piers. Two alternative approaches, ANNs and adaptive neuro-fuzzy 
reference system (ANFIS) were used to estimate the equilibrium and time dependent 
scour depth with numerous reliable data sets. The ANN models, multilayer perception 
using back propagation algorithm (MLP/B) and radial basis using orthogonal least square 
algorithm (RBF/OLS) were used. 
Bateni and Jeng (2007) carried out estimation of pile group scour using adaptive neuro-
fuzzy approach. Two combinations of input data were used to predict the scour depth; the 
first input combination involved dimensional parameters such as wave height, wave 
period and water depth, while the second combination contained dimension less numbers 
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including Reynolds number, the Keulegan-carpenter number, the Shields parameters and 
the sediment number. The validation results showed that ANFIS performed better than 
the existing empirical formulas. 
Azmatullah et. al. (2007) used alternative neural networks to estimate the scour between 
spillways. The network inputs were characteristic head and discharge intensity over the 
spill ways while the output was the predicted scour depth at downstream of the bucket. 
The study showed that the traditional equation based methods predicting design scour 
downstream of a ski-jump bucket could better be replaced by ANN. 
Lee et. al. (2007) applied neural network modeling for estimation of scour depth around 
bridge piers. The Back-propagation neural networks (BPN) were used to predict the scour 
depth in order to overcome the problem of exclusive and the non-linear relationships. It was 
found that the scour depth around bridge piers can be efficiently predicted using the BPN. 
2.9.1 Concluding remarks 
From review of literature on application of ANNs in hydrology and water resources 
engineering, it can be concluded that ANN provides a higher level of accuracy in solving 
the particular problem when compared to empirical relationships. ANN may therefore be 
a viable alternative in the evaluation of mutual interference effect of bridge piers on local 
scour provided a reliable database is available. 
2.10 Conclusion on Literature Review 
There are varying hypotheses concerning the main agent responsible for pier scour. 
Laursen and Toch (1956) and Shen et. al. (1966) identified the horseshoe vortex to be the 
main agent responsible for local scour around bridge pier. On the other hand Raudkivi 
(1986) argued that horseshoe vortex is a consequence of scour, not the cause of it. 
Melville (1975), Hjorth (1975), Ettema (1980), Raudkivi (1986), Chiew and Melville 
(1987) and Jhonson and Ayyub (1992) observed the downflow infront of the pier as a 
main agent responsible for pier scour. Chiew (1984) identified the downflow as the main 
cause of local scour and describe the scour hole as inverted right circular cone with the 
pier as its axis. Dargahi (1990) contradicts the view of Melville and Raudkivi (1977) that 
downflow was the main scouring agent. Tanaka et al. (1967) showed that the down flow 
is generated secondarily by the vortex motion and does not affect directly the local scour. 
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Richardson and Devies (1995), Raudkivi and Ettema (1983) and Lagasse et. al. (2001) 
identified the various factors governing local scour such as the parameters describing the 
sediment, flow and pier. However, Dey. S. (1997) indicates the time as an additional 
parameter and Oliveto and Hager (2002, 2003) found particle Froude number as the 
principal parameter of local scour. 
Flow depth parameter gives the most conflicting statements. For the case of live bed 
scour most of the investigator claim that below some limiting water depth scour depth 
decreases with decreasmg water depth, but for water depth greater than the limitmg depth, 
depth of scour becomes independent of water depth. On the other hand Laursen (1958) 
insists that for constant velocity the depth of scour increases with increasing water depth. 
Breusers et. al. (1977) discusses the influence of y^ IbhvX does not distinguish between 
clear water and live bed scour. Most researcher state that for a condition M. / w.^ , the 
influence of flow depth can be neglected for >>„ /ft>2 to 3. Based on his envelop curves 
Melville (1997) report that the scour depth is independent of flow depth when 
.Vo /6>1.43. Early laboratory studies on local scour show the effect of sediment side to be 
relatively minor. However, recent studies of Nicollet (1971) and Ettema (1980) have 
shown that the sediment side has definite bearing on the mechanism of scour. 
According to Ettema, the local scour is independent of the sediment size if >50. 
Melville and Sutherland (1988) and Melville (1997) have shown that for design purpose 
the scour depth in uniform sediments is mdependents of sediment size when >25. 
Most researchers expressed similar opinion on the pier shape. The general conclusion is 
the blunter the pier the deeper the scour. According to Chabert and Engeldinger (1956) a 
pier comprising of two or more circular piers seems to be an attraction over where there is 
influence of appreciable angle of attack. 
The concept of an equilibrium scour condition is widely reported in literature. Several 
investigators namely, Ettema (1980) Melville and Chiew (1999) Heidarpour et. al. (2003), 
Zarratz et al (2004), Mia and Nago (2003) and Sheppard et al. (2004) have come up with 
diverged definitions of time to equilibrium scour depth. Ettema (1980) defined the time to 
equilibrium scour as the time at which no more than 1 mm of incremental scour was 
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realized within a timeframe of four hours. Melville (1984) defined equilibrium scour as that 
in which sediment entering the scour hole is equal to the amount being removed. Melville 
and Chiew (1999) and Sheppard et. al. (2004) stopped their experiments when the change 
in the scour depth did not exceed 5% of the pier diameter during a 24-hour period. 
The scour depth prediction formulae as reported above and others that are not included 
here, give widely divergent results when employed at particular bridge site. This 
underlines the need for rigorous assessment of the influence of flow piers and bed 
condition on local scour. 
Till date, extensive research on local scour has been carried out; nevertheless failure of 
many bridges due to local scour has been reported in the literature. Indeed, local scour 
around bridge pier received a lot of attention in the past from theoretical and practical 
point of view in an attempt to quantify the equilibrium depth of scour. However, among 
the large number of experimental and field studies, (e.g., Laursen and Toch (1956), 
Chabert and Engeldinger (1956), Chew (1984), Raudkivi (1998), Ettema (1980), Melville 
and Sutherland (1988), Ettema et. al. (1998) and Johnson (1995) etc.), the problem of 
scour around a single pier has been mainly focused and more meticulously investigated 
than the problem of scouring around group of piers. A scanty amount of literature on pier 
group scour is available [e.g., Hannah (1978), Elliott and Nicollet (1978) and Zarrati et. 
al. (2004, 2006)]. 
Bridge failures due to local scour have highlighted the need for better scour protection 
methods. For the reduction of pier scour depth, use of several devices has been reported 
in the literature. As compared to armoring devices, flow altering devices are reported to 
be more economical, especially when the rip-rap material in required amount is not 
available near the bridge site or is expensive. However, certain limitations on the use of 
these flow altering devices to reduce the scour depth at piers are highlighted in the 
literature. A slot may be blocked by floating debris and its construction is difficult. 
Sacrificial piles may become ineffective when the flow approaching the piers changes its 
direction. Use of a thin collar plate skirting around bridge pier at or below the bed level is 
reported to be a very effective mean of protection against scour. The application of collar 
around a single cylindrical and rectangular pier has been tested by (Schneible, 1951; 
Chabert and Engeldinger, 1956; Thomas, 1967; Tanaka and Yano, 1967; Ettema, 1980; 
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Odgaxd and Wang, 1987; Chiew, 1992; Gupta and Gangadharaiah, 1992; Chiew, 1992, 
Vittal et. al, 1994; Melville and Hadfield, 1999; Kumar et. al, 1999; and Zarrati et. ai, 
2004), however, scanty information is available in literature about the application of 
collar on group of piers. Perhaps, only Zarrati et. al. (2006) have attempted the reduction 
of local scour by using collar at pier group. 
Literature on modeling of scour depth indicate that It has been a common practice to 
apply empirical relationships based on the regression methods performed on laboratory 
data for estimation of the scour around a pier. However, due to complexity of the scour 
problem empirical relationship based on laboratory data are not strong enough to deal 
with the problem of estimating the scour depth around a pier. In the light of above, 
Laursen and Toch, 1956; Shen, 1971; Hancu, 1971; Breusers et. al, 1977; Melville and 
Southerland, 1988; and DOT U.S., 1993, have attempted to model the scour depth at an 
isolated pier. 
Recognizing these difficulties and the importance of improving prediction capabilities 
several researchers have been engaged in exploring and refming methods for improving 
traditional physical based analysis. A few investigators have addressed the uncertain issue 
of scour around pier type structures with the help of the artificial neural network (ANN). 
Studies carried out by AzmatuUah et. al, 2007; Bateni and Jeng, 2006; Bateni et. al, 
2006; Choi and Cheong, 2006; Jeng et. al, 2005; Azinfar et. al, 2004; Khosronejat et 
al, 2004; Kambekar and Deo, 2003; Liriano and Day, 2001; and Trent et. al, 1993, 
showed that ANN performed better than the existing empirical formulas. It is worth 
mentioning that all of these investigators have attempted application of ANN for the 
estimation of scour depth around an isolated pier only. 
It is evident from the literature cited above that there is paucity of information on the 
effects of mutual interference on local scour at bridge piers. The following deficiencies, 
in particular, may be noted. 
(3) Most studies of local scour around bridge piers are confined to an isolated pier. The 
studies of local scour at multiple piers are Umited and also confined to limited extent. 
(4) All of the available scour depth models are developed for an isolated pier. Almost no 
scour depth model, except Elliott et al. model for transverse piers, is cited in the 
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literature which takes into account the effect of mutual interference of bridge piers on 
local scour. 
(3) The flow characteristics at the junction of multiple piers with bed, which are related 
to the scour process, have not been studied so far. 
(4) The interference effects on local scour due to muhiple piers have been observed and 
recognized but on this aspect, rigorous physically sound modeling does not seem to 
within reach yet. 
(5) Scanty amount of research work on protection of group pier scour using collar is 
available in the literatue. 
(6) ANN may be a viable alternative in the evaluation of mutual interference effect of 
bridge piers on local scour provided a reliable database is available. 
CHAPTER - III 
EXPERIMENTAL PROGRAMME 
3.0 Introduction 
It is well known that experimental methods are helpful in understanding and analyzing 
the behavior of complex flow situations which otherwise cannot be subjected to purely 
theoretical analysis. The experimental set-up, measurement techniques and the 
experimental procedure adopted are presented in this chapter. In view of the objectives 
set out for the present study, there is a need for collection of data, therefore, it was 
planned to conduct laboratory experiments to study the effect of mutual interference of 
bridge piers on local scour by systematically varying the size, shape, pier alignment and 
location of piers in different configurations with varying spacing between the piers. It 
was hoped that each set of experiments would lead to recommendations for the design of 
bridge pier. 
In all the experiments, smooth circular cylindrical piers were used because of their 
symmetry and the data available for comparison purposes. The approach flow was steady 
uniform for all experiments. The stage of particle motion expressed in terms of the shear 
velocity parameter U, IU,^, was set so that all the experiments were performed at the 
clear-water local scour condition U, lU,^ < 1.0. 
3.1 Properties of Sediment Used 
The sediment used in present investigation was cohesionless coarse sand falling in the 
range 16mm to 1/16mm. Therefore, sediment properties were determined by standard 
sieve analysis. The sediment for the grain size analysis was sampled fi-om the deepest 
portion of the scour holes around the piers. Using the data obtained from sieve analysis, 
the particle-size distribution curve has been plotted as shown in Fig. 3.1. 
The median size, d^^, of the sediment sample was taken as the representative particle size 
of the sediment. The sediment properties computed from the data obtained from sieve 
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Fig. 3.1 Particle size distribution curve for the sediment used in present study 
The mean particle size of the sediment sample, d^f^ is more conveniently referred as 'd' 
in subsequent chapters of the thesis. The geometric standard of particles size distribution 
of bed sediment used in present experiments is determined by substituting the values of 
d^yg,dg^and d^^ in Equation 3.1. 
The degree of uniformity of the particle size distribution of sediments is defined by the 
value of its standard deviation, cr. The most common and convenient measure of standard 
deviation used in studies of the distribution of particle sizes is the geometric standard 
deviation. 
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(3.1) 
The published experimental data related to the erosion of non-uniform bed sediments 
indicates that bed sediment with a value of <T^ less than about 1.5 may be considered as 
being virtually of a uniform particle size. The value of o-^of sediment used in the 
experiments is within the 1.5 limit and it can thus be considered as being uniform 
sediment. The specific gravity of sediments was verified by a volumetric analysis with 
specific gravity flask. The influence of the particle shape is defined by the shape factor \|/ 
and angle of reposec)). 
The Shield function was used to calculate the critical shear velocity f/.^for the 
fi?5o particle size of sediment. It was assumed that the mean particle shape factor, 
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S.F = -j^, had a negligible influence on the value of U,^for the sediment size, where 
Jab 
a,bandc are the lengths of the mutually perpendicular axes of a particle, of which 'c' is 
the shortest. 
The fall velocity of the mean particle size w^^ was determined from the relationship by 
Rouse (1937) as presented in the A.S.C.E. (1975), 'Sedimentation Engineering' manual. 
The angles of static particle repose ^ were determined from the slopes of small heaps of 
dry particles. 



































The flume to pier width ratios in the present experiments are greater than the minimum value 
of 8 suggested by Shenet. al. (1966). 
All the pier sizes used in the flume, except 66.0 mm diameter pier size, were smooth 
galvanized mild steel circular tubes. 66.0 mm diameter pier was made from P.V.C. tube. 
The scour depth at the piers was measured with a 3 mm diameter point gauge moimted on 
the mobile carriage that traversed the flume. The scour depths could be measured to 
within 0.1 mm using point gauge.. 
3.2 The Approach Flow and Flow Measurement 
The approach flow for each experiment was initially set so that the experiments were run 
for similar values of the shear velocity ratio M. IU,^, for all the experiments. The channel 
slope SQ , was adjusted so that the flow had a uniform flow depth over the working section 
in the flume. Required value of the slope S^ was estimated fromSn = u. 
gyo 
A honeycomb grill ensured that the flow was straight and two-dimensional before 
approaching the working section. The flow entered the flume via an inlet reservoir at the 
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upstream end of the flume. A uniform two-dimensional flow was produced by passing the 
flow through a wooden transition and a wire grill installed in the reservoir. 
3.3 Mean Flow Parameters Used in the Experiments 
Since the maximum depth of scour is reported by Raudkivi, 1990 to occur at the 
threshold of bed material motion, all tests in present experimental programme were 
conducted just close to this condition. The threshold of bed material motion was found by 
experiment when the pier was not installed. Threshold of bed material motion was 
defined as condition such that although finer bed materials move, the overall average 
elevation of the bed is not lowered more than 2-3 mm during the period of the 
experiment. These tests showed that with an average flow depth of 140 mm and a flow 
rate of0.04141 m^ls, the bed material would be at incipient motion. The ratio of shear 
velocity m these experiments to the critical shear velocity calculated fi-om Shield's 
diagram was about 0.95. 
The computed mean flow parameters used in this investigation are listed in Table 3.2. 
Details are given in Appendix V - VII 






















































Details of pier sizes and patterns of pier arrangements used in present study are given in 
Table-3.3. 
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Table 3.3 Details of pier sizes and their arrangement used in present study 
Pier type used in present study 
Circular piers 
(1) Single pier 
(2) Piers group (tandem-arrangement) 
(i) two circular piers of same size 
(ii) two circular piers of different sizes 
(iii) three circular piers of same size 
(3) Piers group (transverse/lateral - arrangement) 
(4) Piers group (staggered- arrangement) 
(i) Constant radial distance and variable angle 
of attack 
(ii) Constant angle of attack and variable 
radial distances. 
(iii) Three circular piers in staggered pattern 
such that two piers on upstream at fixed 
lateral spacing and one pier on 
downstream along the bisector of 
upstream piers at varied pier spacings. 
(5) Piers group using collar 
(i) Two circular piers with and without collar 
and aligned at different angles of attack 
(ii) Group of piers of varied sizes with and 
without collar and aligned at different 
angles of attack. 














in present study 
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3.4 Experimental Set-Up 
Experiments were conducted in a glass sided rectangular recirculating tilting flume, 11.0 
m long, 0.756 m wide and 0.55 m deep. The general view of the experimental set-up is 
shown in Fig. 3.2. 
U/S Sluice Gate 
Mobile Carriage —^  
Pipe Rails -
/— Manometer 
^ M /— Control Valve 
Supply Pipe 
— Rod attached 
Steel wire crate ^'"^ ^^^ 
Fig. 3.2 Glass sided rectangular re-circulating tilting flume 
81 
Flume bed was composed of fairly uniform alluvial sand(rf5o =0.95 mm ando-^ =1.187), 
collected from the river Chambal near Etawah in Uttar Predesh, India. Water was 
supplied to the flume from a constant head overhead tank, which got its supply from the 
laboratory water supply systenx Flow straightners were provided at the upstream end of 
the flume to ensure uniformly distributed flow across the width of the flume and 
minimum turbulence in the flow. Water supply into the flume was regulated by operating 
a valve in the water supply pipeline. The flume discharge was measured by a calibrated 
bend meter and the mean velocity of flow was computed from the discharge. The 
computed velocity was finther checked by the Pitot tube readings. Water surface level 
and bed level in flume were measured usmg a point gauge with a sharp bottom mounted 
on a mobile carriage which could be traversed over adjustable raUs mounted on the two 
walls of the flume. The rails were kept parallel to the flume bed. A tailgate was provided 
at the downstream end of the flume, which was operated to adjust the depth of flow in the 
flume. A transition of wooden block was fitted tightly at the entrance of the flume to 
ensure smooth flow without disturbing the sediment bed in the flume. A sediment trap 
was provided at the downstream end to collect sediment coming from the upstream bed. 
The test section for all the experiments was located at 3.5 m from the flume inlet. The 
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Fig.3.3 Test flume showing its different components 
Legends: 
(T) Inlet supply pipe ( T ) Supply pipe support ( T ) Reservoir 
C J ) Steel gratings C£) Tail gate ( 2 ) Tail gate lifting mechanism 
Cz) Upstream wooden transition Cs.) Mobile Carriage C E ) P ' P ^ i^'ls 
ClO) Inlet channel CO) Upstream sediment trap Qz^ Test section 
Q3) Downstream sediment trap ( H ) Downstream wooden transition (Ts) Steel wire crate 
slope measuring scale (TT) Pivot Q J ) Steps 
Central pivot (20) Walk way QS) Pipe attached with gearbox 
(2) 
Motor ( 2 ^ Gearbox 
(2) 
Supply control valve 
Circular piers of galvanized iron having diameters 21.5 mm, 33 mm, 41.5 mm, 46 mm, 
and P.V.C. pipe of diameter of 66 mm were chosen as the pier models. Pier sizes were so 
selected that blockage effect in the flume was negligible and according to Melville and 
Sutherland (1988) and Melville (1997) where they showed that the scour depth m 
uniform sediment is independent of sediment size when sediment coarseness 
r a t io—> 25. The mean depth of flow was kept constant at 140 mm in all sets of 
experiments. The selection of sediment coarseness for present experiments is made on the 
basis of conclusions drawn by Ettema (1980) by plottmg his laboratory data for six pier 
sizes and sediment sizes from dso = 0.24 mm to 7.8 mm in which he showed that the 
maximum value of clear water scour (ds/b) max is unaffected by the particle size as long as 
the value of is larger than 25. 
Sand was filled in the flume to a constant thickness of 25 cm over working section in the 
flume. At the entrance of the flume, graded layers of glass beads, followed by a wooden 
transition block, were placed to obtain a smooth flow without disturbmg sand bed in the 
flume. A sediment trap was provided at the outlet of the sand bed. As such, water flowing 
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out of the flume was clear and virtually sediment free. The pier model arrangement in the 
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Fig. 3.4 Pier model arrangement in the flume (side view) 
3.4.1 Duration of experimental runs 
Theoretically scour depth develops asymptotically with time. However, it is practically not 
possible to run the experiment for such a long duratioa It has been observed that the rate of 
scour development is high initially and becomes low after a few hours. Further it is well 
krvown that coarser sediments take less time to reach equilibrium condition than finer 
sediments. To serve as guide to decide the duration of each run in the present investigation, 
the following investigation for clear- water scour are quoted below in Table 3.4. 
Table 3.4 Duration of experimental runs for clear-water scour 
Investigator 
Chiew and Melville (1987) 
YeeMengChiew(1922) 
Gupta and Gangadhariah (1992) 














In each set of experiments, one long- term experiment was carried out until the rate of 
scouring was negligible. This was defined as the tune when the scour depth did not 
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change by more than 5% of the pier diameter over a period of 24 hours, as suggested by 
Melville and Chiew (1999). The next tests in each set of experiments were then carried 
out to the time w h^en about 90% of maximum scouring was expected based on the results 
of long-term experiment. 
Clear water experiments have to run continuously for several days before equilibrium 
conditions are approached. An exception occurs if the geometric standard deviation of the 
sediments CT^ s 1.3 -1.5. In this range the coarse grains armor the surface but are not 
large enough to armor the scour hole where the agitation is higher. Then, clear-water 
scour depth of the same order as observed with non-ripple forming sediments can be 
reached in the laboratory. It was found that 50-60 hours was necessary for long-term 
experiments. With performing a long-term test in 24 hours with a single pier, Harmah 
(1978) showed that 80% of scour depth occurred in first 7 hours and all tests with pier 
groups were carried out for 7 hours duration. Results were then extrapolated to find the 
maximum depth of scour. Since in present study clear-water experiments were conducted 
using coarse sediment of 0.95 mm median diameter, duration of 10 hours was considered 
adequate. In the case of experiments on piers group with collar, test duration was more. 
3.4.2 Experimental procedure 
Prior to each experiment, the sediment bed in the flume was leveled by hand using 0.75 
m long timber board and a sprit level. The ends of the board aligned to lines marking the 
bed surface position on the outside of the glass walls of the flume. Once the sediment bed 
surface was leveled, the model piers were inserted in the test section vertically in desired 
configuration and at desired spacing between them projecting well above the water 
surface. Water was allowed to enter the flume slowly such that the predetermined flow 
depth and discharge could be adjusted. The flow was adjusted using the inlet valve and 
the tailgate to achieve steady and uniform flow condition. For all sets of experiments, the 
depth of flow in the flume could be adjusted by operating the tail-gate located at the 
downstream end of the flume and inlet valve in the supply line. Uniform flow conditions 
were established by setting the discharge, and then adjusting the slope of the flume until 
the bed and water surface slopes were nearly parallel to each other. Each experiment 
commenced fi-om a condition of still water at the predetermined flow depth over a leveled 
bed surface. 
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Shen et. al. (1966) suggest that, for the purpose of experimental investigation, flume 
width should be at least 8 times the diameter of the pier whereas, Chiew and Melville 
(1987) suggest this ratio to be 10 in order to make the blockage effect negligible. At 
lower values of blockage ratio, Shen et. al. (1969) and Chiew and Melville (1987) felt 
that there will be side wall confinement and scour depth will be affected. Therefore, 
dimensions of the pier groups were so chosen that there was negligible blockage effect of 
the piers group on scour depth. The tests were performed for sufficient time to obtain 
equilibrium scour depth. The scour depths were measured with the help of point gauge 
with 0.1 mm accuracy which could be moved over adjustable rails mounted on the walls 
of the flume. To overcome the difficulty of observmg the development of the scour hole, 
strong light source was used which permitted the ease in taking precise temporal scorn-
depth measurements. Pier groups in different configurations and with varying spacing 
were investigated for flow condition close to incipient motion (Table 3.2). The time of 
start of initial movement, and of water surface establishment were recorded. 
At the end of experiment the water supply to the flume was gradually stopped and the 
water was drained off the flume with extreme care so that the scour hole and scour and 
scour patterns developed by the flow around the model piers, were not disturbed. Since 
the bed profiles before and after stopping the flow were same, profiles of the sediment 
bed were measured after the runs were stopped. Detailed measurements of the scoured 
area around the model piers were then made with the help of point gauge and finally 
photographs were taken. 
The following observations were made from each experiment. 
(i) The temporal development of the scour hole 
The depth of scour was recorded at regular intervals as the scour hole formed. The 
frequency of the scour depth measurements decreased as the rate of scouring decreased. 
The experiment was stopped when no change occurred to the maximum depth of the 
scour hole over a minimum period of four hours. 
(ii) The mechanism of local scour 
The visual record of the important features distinguishing the development of local scour 
around a cylinder pier was kept with the aid of photographs and sketches. These were 
accompanied by notes. 
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(Hi) Water temperature 
These were recorded at intervals throughout each run. 
(iv) Scour hole profiles 
At the completion of each experiment, the profile of the scour hole in the plane of 
symmetry of the pier and parallel to the flow direction was recorded with the 3 mm 
diameter point gauge supported by the mobile carriage of the flume used. The upstream 
cone angle, and exit slope cone angle of the scour holes, were determined fi-om the scour 
hole profile. Experimental program is performed in the following phases 
3.5 Introduction 
A bridge is commonly supported on a group of piers. The group of piers in a single 
bridge or in two consecutive bridges existing at proximate spacing between them across a 
river, may possess different configurations in the river bed and mutually interact with the 
river flow in an entirely different manner as compared to a single bridge pier. These 
configurations may be tandem, lateral and staggered arrangement of piers. 
The arrangement of bridge piers in which the piers are located in the river bed in line 
with the flow is called tandem arrangement of piers. The number of piers in tandem 
arrangement may be two or more. The piers in tandem arrangement often exist in a single 
bridge however, sometimes the two consecutive bridges existing at short distance 
between them across a river, may have the pier positions in the river bed in line with the 
flow. In some cases, the two consecutive bridges existing at proximate distance between 
them across a river have piers of different sizes which may hold their positions in the 
river bed in tandem arrangement. 
The arrangement of several bridge piers in the river bed in a direction transverse to the 
flow is called lateral arrangement of bridge piers. 
In staggered arrangement three piers may interfere with each other such that two piers lie 
on upstream normal to the flow direction and third pier on downstream along bisector of 
the distance between the upstream piers. Also, some times piers of new and existing 
bridges may face each other such that the flow makes an angle with the line joining their 
centres. This angle and the radial distance between the piers can vary. 
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Keeping in mind the various cases of bridge pier arrangements in the field, the 
experiments in present study have been performed to evaluate the effect of mutual 
interference of bridge piers on local scour. Since the effect of mutual interference is 
evaluated by comparing the scour depths at piers group located in a particular 
arrangement with the scour depth at single pier, experiments on single pier have also 
been conducted under the same hydraulic conditions. 
3.5.1 Phase I: Local scour at single pier 
A series of experunents was first performed on single pier models of different diameters 
to provide a basis against which the pier group scour could be evaluated. 
Circular smooth galvanized iron pipes having diameters 33 mm, 41.5 mm, and 66 mm 
were used as isolated model piers. These pier sizes were so selected that their blockage 
effect in the flume was insignificant. 
Before the start of the experimental run, the single pier model of a given diameter was set 
centrally and vertically into the sediment bed in the flume. The pier was installed at a 
distance of 3.50 metres downstream of the flume inlet projecting well above the water 
surface. The flume was flooded with water slowly with the help of the inlet valve in the 
supply line and steady and uniform flow of desired depth and velocity was achieved by 
adjusting the inlet valve and the tail gate. 
It is well known that at circular piers the maximum scour depth occurs at the nose of the 
pier. Therefore, during the experimental runs, the scour depth was measured at the nose 
of the pier at regular tune intervals of 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, 270, 
300, 360, 420, 480, 540 and 600 minutes with the help of the point gauge. The mean 
approach flow depth was kept constant at 140 mm throughout the experiments. At the 
end of the experimental run, the water supply was gradually stopped and the water was 
drained off fi-om the flume with extreme care that there was no disturbance in the scour 
hole and the scour patterns developed around the pier. Since there was no difference in 
the dynamic and static scour depths, detailed measurements of scoured area around the 
pier were made in static condition. Finally, the photographs of the scoured area around 
the pier were taken. 
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3.5.2 Phase II: Local scour around piers in tandem arrangement 
An exhaustive series of experiments was performed to investigate the effect of mutual 
interference of bridge piers on local scour by placing a group of piers in line with the 
flow at varying clear pier spacing x /6= 0,1, 2, 4, 6, 8, 10, 12.5, 15, 20, 25, 30, 35, 40, 
50, 60, 70, 80 and 90. Circular galvanized iron pipes of diameter 33 mm, and P.V.C. pipe 
of 66mm diameter were used as bridge pier models in this series of experiments. This 
experimental study was conducted in four parts 
The first part investigated the effect of mutual interference of bridge piers on local scour 
when the piers in tandem arrangement were of the same size and shape. In this series of 
experiments 33 mm diameter circular galvanized iron pier models were used. The 
experiments in this series were conducted using a group of two pier models, located 
centrally and vertically in the flume sediment bed in tandem arrangement at varying clear 
pier spacing ofxlb= 0, 1, 2, 4, 6, 8, 10, 12.5, 15, 20, 25, 30, 40, 50, 60, 70, 80 and 90, 
where x is the clear spacing between the piers and b is the diameter of the pier. The piers 
arrangement used in this series of experiments is shown in Fig.3.5. 
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Fig. 3.5 Two piers of same size in tandem arrangement 
In second part, a subsidiary series of experiments was conducted using three pier models 
of 33 mm diameter arranged in line with the flow at equal spacing between them. The 
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Fig. 3.6 Three piers of same size in tandem arrangement 
The third part investigated the effect of mutual interference of bridge piers on local scour 
using a group of two piers of different size located in tandem arrangement such that the 
larger size pier was on upstream of the smaller size pier. In this series of experiments 
6.6cm and 3.3cm diameter circular pier models were used. As shown in Fig. 3.7, 66 mm 
diameter pier was located on upstream of 33 mm diameter pier in tandem arrangement in 
the flume sediment bed at varying clear pier spacing x/b= 0, 1, 2, 4, 6, 8, 10, 12.5, 15, 
20, 25, 30, 35, 40, 50, 60, 70, 80 and 90, where x is clear the distance between the piers 
and b is the width of smaller pier. 
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Fig. 3.7 Two piers of different size in tandem arrangement (Larger size (6.6 cm) pier at front) 
The fourth part investigated the effect of mutual interference of two bridge pier models of 
different sizes located in tandem arrangement such that the smaller pier model was on 
upstream of the larger pier. In this series of experiments 33 mm diameter pier was 
located on upstream of 66 mm diameter pier in tandem arrangement at varying clear pier 
spacing xlb ^ 0,1,2,4,6,8,10,12.5,15,20,25,30,35,40,50,60,70,80 and 90, where x is 
center to center the distance between the piers and b is the pier width of smaller pier. 
Fig. 3.8 shows the arrangement of piers used in this series. 
The hydraulic and sediment conditions were kept same in the experimental series 
conducted in these four parts. 
I series Before the start of each experiment conducted in four parts of the above mentioned 
of experiments conducted, the model piers were set centrally and vertically in the 





Fig. 3.8 Two piers of different size in tandem arrangement (small size pier at front) 
The flume was flooded with water slowly with the help of the inlet valve provided in the 
supply line and steady and uniform flow of desired depth and velocity was achieved by 
adjusting the inlet valve and the tail gate. Each experiment commenced from a condition of 
still water at the predetermined flow depth over a leveled sediment bed surface in the flume. 
During the experimental runs, the scour depths were measured at the nose of the piers at 
regular mterval of time of 15, 30, 45, 60, 90, 120, 15, 180, 210, 240, 270, 300, 360, 420, 
480, 540 and 600 minutes with the help of the point gauge. On the completion of 
experimental run, the supply of water to the flume was gradually stopped and water was 
drained off from the flume carefiilly so that the scour holes and the scour patterns 
developed around the piers were not disturbed. Detailed measurements of the scoured 
area aroimd the piers were made. Finally the scour holes and scour patterns developed 
around the piers were photographed. 
3.5.3 Phase III: Local scour around piers in lateral arrangement 
A series of experiments was conducted to investigate the effect of mutual interference of 
bridge piers on local scour for the piers located in a direction transverse to the flow at 
varying lateral pier spacing. In this series of experiments, two circular pier models of 33 
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mm diameter were used. The two pier models were set vertically in the sediment bed in 
the flume at varying lateral spacmg, -i^= 1, 2, 3, 4, 5, 6, 7, 8 and 9 where Z^is the 
h 
center to center lateral spacing between the piers and b is the pier diameter. As shown in 
Fig. 3.9 the two piers were so set in the flume sediment bed that the axis joinmg the 
centers of the two piers was at right angles to the flow direction and the centers of the two 







Fig. 3.9 Piers of same size in lateral arrangement 
After the piers were set in the sediment bed, the sediment bed aroimd the piers was fairly 
leveled and the experiments were run with the same procedure as that in the series of 
experiments conducted on a single pier. 
During the experimental runs, the scour depths were measured at the nose of the two 
piers at regular interval of time of 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, 270, 300, 
360, 420, 480, 540 and 600 minutes with the help of the point gauge. On the completion 
of the experimental run, the water supply to the flume was gradually stopped and the 
water from the flume was drained off carefully so that the scour holes and the scour 
patterns around the piers developed by the flow were not disturbed. The detailed 
measurements of the scoured area around the piers were made and thereafter the 
photographs of the scour patterns were taken. 
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3.5.4 Phase IV: Local Scour around piers in staggered arrangement 
This series of experiments investigated the effect of mutual interference of bridge piers 
on local scour when the piers were located in staggered arrangement. Three circular pier 
models of 33 mm diameter were used in these experiments. The arrangement of piers is 
shown in Fig. 3.10. Two of the three pier models were set on upstream across the flume 
at right angles to the flow direction at fixed centre to centre lateral spacing between the 
Z 
piers,—^=9 where Z^ is the center to center lateral spacing between the upstream piers 
b 
and b is the diameter of the pier model. The third pier model was located on downstream 
along the bisector of the upstream pier models at varied clear longitudinal pier spacing 
XJb=5,\0,l5,20, 25, 30, 35,40, 50, 60, 70, 80 and 90, where x is the center to center 
distance between the upstream and downstream pier models along the length of the flume 
Z 
and b is the diameter of the pier model. The lateral centre to centre pier spacing —^ was 
b 
set at 9 because at this lateral pier spacing, the scour depths at piers are said to be free 
from the effect of lateral mutual interference and only the mterference of the downstream 
pier remains to affect the scour depth at piers. 
Elevation 
Fig. 3.10 Piers of same size in staggered arrangement 
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Prior to each experimental run, the piers were set vertically in the sediment bed in the 
flume at desired locations, the sediment bed around the piers was fairly leveled and then 
the experiment was run with the same procedure as that at single pier. Temporal 
measurements of scour depth during the experimental runs were made at the nose of the 
piers at regular interval of time of 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, 270, 300, 
360, 420, 480, 540 and 600 minutes with the help of the point gauge. On the completion 
of experimental run, the supply of water to the flume was gradually stopped and water 
from the flume was drained off carefully so that the scour holes and the scour patterns 
around the piers developed by the flow were not disturbed. Photographs of the scour 
holes and scour patterns were then taken and detailed measurements of the scoured area 
aroimd the piers were made and recorded. 
3.5.5 Phase V: Local scour around piers with constant angle of attack and varying 
radial pier spacing 
The objective of this series of experiments was to investigate the effect of mutual 
interference of bridge piers on local scour in the condition when the piers were 
interacting with one another at an angle of attack of flow. 
In this series of experiments, two circular pier models of 33 mm diameter were set 
vertically in the sediment bed of the flume at constant angle of attack of 45° and varying 
clear radial spacing between the piers of 0,1,2,3,4,5,6,7,8,9,10,11,12. As shown in Fig. 
3.11, the two piers were so located in the flume sediment bed at a particular radial 
spacmg and 45° angle of attack that the perpendicular distances of their centers from the 
center of the flume were equal. The sediment bed around the piers was fairly leveled and 
the experiments were performed with the same procedure as that at the single pier. The 
temporal scour depth measurements during the experimental runs and detailed 
measurements of scoured area around the piers after stopping the experiments, were also 
be made in the same maimer as that at single pier. The angle of attack of 45° degrees was 
selected because, the effect of mutual interference is said to be maximum at this angle of 




Fig. 3.11 Piers at constant angle of attack 'a ' and varying radial spacing 'R/b' 
3.5.6 Phase VI: Local scour around piers with constant radial pier spacing and 
varying angles of attack 
The objective of this series of experiments was to investigate the effect of mutual 
interference of bridge piers on local scour for the case when the piers were interacting 
with one another at constant angle of attack but varying radial spacing between them. 
In this series of experiments, two circular pier models of 33 mm diameter were set 
vertically in the sediment bed of the flume at constant centre to centre radial pier spacing 
Rlb = 5 and varying angles of attack 0°, 15°, 30°, 45°, 60°, 75° and 90°. As shown in 
Fig. 3.12, the two piers were so located in the sediment bed at a particular radial spacing 
and at 45° angle of attack that the perpendicular distances of their centers from the center 
of the flume were equal. The sediment bed around the piers was fairly leveled and the 
experiments were performed with the same procedure as that on single pier. The temporal 
scour depth measurements during the experimental runs and detailed measurements of 
scoured area aroimd the piers after stopping the experiments, were also be made in the 
same maimer as that at single pier. 
Fig. 3.12 Piers at constant radial spacing '5Z>' and varying angle of attack 'a* 
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3.5.7 Phase VII: Local Scour protection around piers group 
Larger scour depths need deep pier foundations, which is a costly proportion. Therefore, 
for safe and economical design, scour around the bridge piers is required to be controlled. 
As a result, various devices (i.e., armoring devices and flow altermg devices) for scour 
depth reduction have been investigated by many researchers. 
As the flow altering devices can be more economical, especially when the riprap material 
in required amount is not available near the bridge site or is expensive, several 
researchers in earlier studies have conducted experiments on the application of collar as a 
flow altering device, but only around a single pier. A collar around the pier diverts the 
down flow and shields the streambed from its direct impact. Since a scanty information is 
available in literature about the application of collars on group of piers, an experimental 
study on application of collar around groups of pier has been carried out in present study. 
This study has been carried out in two parts. 
(a) Part one: Local scour around a group of two circular piers with and without collar 
A series of experiments was conducted to investigate the scour depth reduction efiiciency of a 
collar plate skirted around a group of two circular piers aligned at varying angles of attack to 
the flow. A group of two pier models of 41.5 mm diameter was used in this series of 
experiments. In all experiments of this series, the center to center spacing between the pier 
models was kept constant at 36, where b is the diameter of the pier used in the group of piers. 
A thin collar plate having width equal to 2.5 times the pier diameter was used around the group 
of the two piers. The collar plate with its dimensions in centimeters is shown in Fig. 3.13. 
23 
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Fig.3.13 Plan of a collar plate around two circular piers 
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The piers group with collar plate skirted around it is shown in Fig. 3.14. The experiments 
were conducted on the piers group with and without collar plate skirted around it at 
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Fig.3.14 Piers with collar at 0° angle of attack 
In experiments with collar around the piers group, the collar plate was installed at the 
initial bed level of the sediment in the flume. The collar width and elevation were chosen 
based on previous studies discussed in Chapter II. Wider collars are more effective, but 
construction of collars wider than 3 times the pier diameter is considered impracticable. 
Also, the efficiency of a collar increases at lower elevations since less flow can penetrate 
below it (Tanaka and Yano 1967). When a collar is installed below the bed level, 
penetration of flow below the collar is reduced however; the depth above the collar 
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becomes a part of the scour hole. Zarrati et. al. (2004) in their study with rectangular 
piers showed that lowering of the elevation of collar below the streambed level increases 
the extension of the scour hole around the pier, and depth of the scour hole downstream 
of the collar. It was therefore decided to install the collar at the initial bed level in all the 
experiments in present study. In all, 14 experiments were conducted in this series, seven 
with collar and seven without collar. The collar plate with piers aligned at various angles 
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Fig. 3.15 Group of two piers with collar at different angles of attack 'cr' 
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Experiments were first conducted on 41.5 mm diameter single pier which was used in the 
piers group, to form a basis against which the piers group scour could be evaluated. 
Prior to each experiment, the two piers in the group were set vertically in the sediment 
bed of the flume at center to center spacing equal to 3b and at desired angle of attack 
without collar, where b is the diameter of the model pier. The two piers in the sediment 
bed were so set symmetrically that the perpendicular distances of their centers from the 
center of the flume were equal. The sediment bed around the piers was fairly leveled and 
the experiments were performed under the same experimental procedure as that used in 
the experiments conducted at a single pier of 4.15 cm diameter. During the experimental 
runs, the scour depths were measured at the nose of the piers at regular intervals of time. 
On the completion of experimental run, the supply of water to the flume was gradually 
stopped and water from the flume was drained off with extreme care so that the scour 
holes and the scour patterns around the piers were not disturbed. Photographs of the scour 
patterns developed around the piers were then taken and detailed measurements of the 
scoured area around the piers were made and recorded. The experiment was then repeated 
with collar plate skirted around the piers group. 
(b) Part two: Local scour at a group of varying sized circular piers 
This part investigated the effect of the shape of piers group and a thin collar plate skirted 
around it on depth of local scour. Using circular cylinders of difierent diameters, the groups 
of piers were formed in lenticular type configuration. Initial tests were performed on a pier 
group which was formed using 25.5 mm, 46 mm and 58.5 mm circular cylinders as shown in 
Fig. 3.16. 
20.15 
2.55 4.6 5.85 4.6 2.55 
(b) Without collar 
Fig.3.16 Group of piers of varying sizes without collar 
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The aspect ratio of the piers group (length of piers group/width of the piers group) was equal 
to 3.513. Shen et. al. (1966) suggest that, for the purpose of experimental investigation, the 
flume width should be at least 8 times the diameter or the projected width of the pier to be 
used in the study. At lower values of blockage ratio, Shen et al. felt that there will be side 
wall confinement and scour depth will be affected. When the test at 30° angle of attack was 
conducted using this pier group, the effect of flume walls was observed as the flume walls 
restricted the development of the areal extent on downstream of the piers group. To obviate 
this difficulty associated v^h conducting the study using this group of piers at 30° angle of 
attack, only two tests were conducted using this piers group, one at 0° and other at 15° angles 
of attack with and without collar. 
To avoid flume wall effect on scour at higher degrees of angle of attack, another piers group was 
formed using 21.5 mm, 33 mm and 41.5 mm diameter circular cylinders asdiown in Fig.3.14. 
21.00 
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(a) With collar (b) Without collar 
Fig.3.17 Piers group having different sizes of piers with and without collar 
The ratio of the flume width to the projected width of this piers group at 30° angle of 
attack was less than 8. The aspect ratio of this piers group was 3.63. The arrangement of 
piers group in the flume with collar is shown m Fig.3.15. 
Experiments were conducted using this piers group with and without collar skirted 
around it at 0°, 7.5°, 15° and 30° angles of attack. The group of piers was set in the flume 
sediment bed centrally and vertically aligned at a particular angle of attack and the 
experiments were conducted with and without collar around the group of piers with the 















Fig. 3.18 A group of piers of varying sizes fitted with a collar 
CHAPTER - IV 
MODELLING BASED ON ARTIFICIAL NEURAL 
NETWORKS (ANN) APPROACH 
4.0 Artificial Neural Network (ANN) 
4.1 Introduction 
A new mathematical model that has emerged recently, and has made a great impact in the 
scientific community is the artificial neural networks (ANNs). ANN has attracted 
increasing attention from researchers in various fields aiming to solve a wide range of 
complex non-linear problems. Artificial neural networks are heuristic algorithms, in that 
they can learn from experience via samples and can subsequently be applied to recognize 
unprocessed data. Learning is defined as self adjustment of the network weights in 
response to changes in data. These systems are intended, in an extremely simple way, to 
imitate the behavior of the network of neurons in the human brain. Based on the 
biological theory of the human brain, artificial neural networks are models that attempt to 
parallel and simulate the fiinctionality and decision making processes of the human brain. 
The primary aim of the ANNs is to improve the performance of computer recognition 
processes by simulating the superior characteristics of the human brain. The power of 
artificial neural network techniques rests in their unique advantages that may be listed as 
follows: 
• they are non-parametric 
• they have arbitrary decision boundary capabilities 
• it is easy to incorporate different types of data and input structures 
• they can generalise better towards unprocessed data 
Of the advantages of ANN techniques, the most important one may be their 
nonparametric nature i.e. there is no underlying assumption about the frequency 
distribution of the data. They learn the characteristics of the training dataset (or the 
internal structure of these data), typically in an iterative way, so they may be called data-
dependent techniques. It is also worth noting that artificial neural networks can give 
considerably better results for small traming datasets compared to conventional 
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theoretical, empirical or semi-empirical models (Hepner et al., 1990; Blamire, 1994; 
Paola, 1994 and Foody, 1995). 
4.1.1 Network structure 
The basic element of an artificial neural network is the processing node (Fig. 4.1) that 
corresponds conceptually to the neuron of the human brain. Each processing node 
receives and sums a set of input values, and passes this sum through an activation 
function providing the output value of the node, which in turn forms one of the inputs to a 
processmg node in the next layer of the ANN. 
Fig. 4.1 A neural network processing node (net is the sum of weighted input values to 
the processing neuron) 
Processing nodes make up a set of fully intercormected layers, except that there are no 
interconnections between nodes within the same layer in the standard feed forward back 
propagation neural networks (discussed later in section 4.1.4). The structure of a feed-
forward artificial neural network includes three types of layers: input layer, output layer 
and hidden layer (Fig. 4.2). The input layer introduces the distribution of the data to the 
network. The output layer is the final processing layer that has a set of values (or codes) 
to represent the desired output to be recognised. The layers between the input and output 
layer are called hidden layers. These hidden layers, of which there may be only one, 
perform the basic calculations. It is through these layers that the internal representations 
of the input patterns can be produced. A typical neural network consists of one input 
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Fig. 4.2 Architecture of a simple three layer feed-forward neural network 
4.1.2 Learning algorithms 
A learning algorithm is the core of an ANN application as it is necessary to make the 
network neurons and weights capable of performing a useful task by understanding the 
internal structure of the data. There are many learning strategies developed for different 
neural network models and the major ones are given in Fig. 4.3. 
It is possible to categorise neural network models in terms of two criteria. The first one is 
based on whether the model employs a supervised or an unsupervised learning strategy. 
While in supervised models input and output information is provided to adjust the 
weights in such a way that the network can produce the given outputs from the inputs, 
only input information is provided in unsupervised models to find out possible classes in 
the dataset. Major unsupervised neural network models are Kohonen Self-Organising 
Map (SOM), Adaptive Resonance Theory Networks (ART), Hopfield networks, and 
Grossberg networks, whilst most common supervised models are the Perceptron, 
Multilayer Perceptron (MLP), Radial Basis Function Network (RBF), Recurrent 
Networks, and Learning Vector Quantization (LVQ). 
However, for training feed-forward neural networks the most popular technique is the 
backpropagation algorithm introduced by Rumelhart et. al. (1986). If the information 
advances from mput layer to output layer, the learning method is called "feed-forward". 
Conversely, if the information proceeds from output layer to input layer, the network is 
termed "feed-back". There are a number of learning algorithms developed for different 










AGTl-2: Adqjfive ResonaQce Theory, SOM: Self Organizing Feature m^s, LAM: 
Linear Associative Memory, FAM: Fiizzy Associative Memory, CPN: 
Counterprop&gation, BM: Boltzman Machine, RCC: Recwrent Cascade Machine, LVQ 
Learning Vector Quantization 
Fig. 4.3 Major neural network learning algorithms 
According to Werbos (1995), it has been used in about 70% of ANN applications and 
defined backpropagation as a procedure for efficiently calculating the derivatives of some 
output quantity of a nonlinear system, with respect to all inputs and parameters of that 
system, through calculations proceeding backwards from outputs to inputs. 
4.1.3 Feed-forward back propagation neural network 
The backpropagation neural network algorithm, also called the generalised delta rule, is 
an iterative gradient descent training procedure. It is carried out in two stages. In the first 
stage, after aU the network weights have been randomly initialised, the input data are 
presented to the network and propagated forward to estimate the output value for each 
pattern set. In the second stage, the difference (error) between knovra and estimated 
output is fed backward through the network and the weights are changed in such a way 
that the difference is minimised. The whole process is repeated with weights being 
recalculated at every iteration until the error is minimal, or else lower than a given 
threshold value. A processing node sums the inputs multiplied by the weights of 
interconnections and then estimates the output of the node using the activation function: 
net,j = 2] w I (4.1) 
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o,^=f{net,^) (4.2) 
where netpj is the sum of the inputs, Wp is the weight vector, z>, is the value of the / 
element of the input pattern, opj is the output of the node 7 for pattern/?, and/( . ) is the 
activation function, which is usually a nonlinear function. The most common activation 
function used is the sigmoid function and is written as; 
fj- T ^ (4.3) 
1 + e ^ ' " 
The sigmoid function is a bounded and monotonically increasing function that provides a 
graded nonlinear response enabling the neural network to map any nonlinear process. 
The algorithm minimises the error that is the sum of the differences between the actual 
and calculated output values. The error for pattern/? is estimated from: 
Ep=\Y.^t,^-o,^f (4.4) 
Where tpj is the target input for/*" component of the output pattern for pattern/?, opj is the 
j element of the actual (calculated) pattern produced by the presentation of input pattern 
p. The total error of the network can then be estimated from; 
E = J^E, (4.5) 
New weights are estimated by updating the weights with Awy, 
w^ , =w^,+Aw^, (4.6) 
^^j,^-V^^ (4.7) 
.1' 
where 7 is a term called the learning rate that must be initially set by the user. It is used to 
control the degree of the change in the weights in response to errors in the output during 
each cycle. 
The mathematical theory imderlying the backpropagation algorithm is presented only 
briefly above, as the details are beyond the scope of this study, but can be found in 
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numerous sources, such as Rumelhart et. al. (1986), Pao (1989), Paola (1994), Bishop 
(1995) and Ripley (1996). 
Training a feed-forward neural network using the backpropagation algorithm involves 
setting several initial parameters including network structure, learning rate, momentum 
term and activation fiinction. Of these parameters, two (network structure and activation 
function) are discussed in later sections. The value of the learning rate has a great impact 
on the success of ANN applications. If the learning rate is set too high, the learning 
algorithm may not reach the global minimum, and an mcrease in error can be observed. If 
the learning rate is too small, then the process of searching the minimum error will be 
slow, resulting in long computation times. 
Another important issue is to define a stopping criterion for the learning process, as it is 
unusual for real-world problems to train a network until the training error is zero. A 
convergence criterion must be defined to prevent overtraining. This can be considered as 
a threshold value. When the network reaches this value, training is stopped and the 
trained network is tested for its performance. There are two methods that have been 
suggested to find out the best time to terminate the learning process in terms of best 
generalisation performance. The first method involves employing a validation set for 
testing the performance of the trained networks during the learning process. Learning is 
stopped when the error on the validation set starts to rise. According to Ripley (1996), 
'this is dangerous as it is often encountered examples in which, after an initial drop, the 
error on the validation set rises slowly for a large number of iterations, then falls 
dramatically to a small fi-action of its previous minimum'. Another problem of using a 
validation set occurs in cases that there are a limited number of data available that are 
only enough to form the training and test sets. 
The second solution is early stopping, to which, Wang et al. (1994) states that a network 
has better generalisation performance when learning is stopped at a certain time before 
the global minimum of the empirical error is reached. In addition, for a fixed number of 
learning examples, the larger the ratio d n , where d is the number of weights (or nodes) 
and n is the number of samples, the larger is the improvement in generaUsation error if 
the algorithm is stopped before the global minimum is reached. It is assumed that when 
the learning reaches the global minimum, the network loses its generalization capabilities 
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as it becomes too specific and is likely to become trapped into a local minimum, as 
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Fig. 4.4 Typical error surface with local minima (A and C are the local minima, B is the global 
minimum). 
Despite its simplicity, it has been reported by researchers that the backpropagation 
algorithm gives reasonably good results for many problems related to sediment transport. 
It is also easy to implement computationally, compared to others. The main drawback of 
the backpropagation learning algorithm is that there is no guarantee of convergence to 
minimum error. 
CHAPTER - V 
ANALYSIS OF RESULTS AND DISCUSSION BASED ON 
GRAPHICAL REPRESENTATION APPROACH 
5.0 Introduction 
The aim of this chapter is to describe and analyze the data collected during present extensive 
experimental study on the effect of mutual interference of taidge piers on local scour and to 
implement the neural network based approach for estimating the scour depth around group of 
cylindrical bridge piers. The data acquired on various characteristics of local scour around a 
single pier are interpreted to form a basis against which the data collected on piers group local 
scour could be analyzed. Also the experimental observations made in the present study are 
compared with those reported by Laursen and Toch (1956), Chabert Engeldinger (1956), 
Breusers et. al. (1977), Hannah (1978), Jain, S.C. (1981), Richardson et. al. (1993, 2001), 
Melville (1997), Kothyari et. al. (1992 a) and HEC-18 (CSU). 
The analysis of mutual mterference of bridge piers on local scour is being carried for the 
following patterns of pier arrangements: 
(i) Single pier of 33 mm diameter. 
(ii) Two piers of 33 mm diameter in tandem arrangement. 
(iii) Three piers of 33 mm diameter in tandem arrangement. 
(iv) 66 mm diameter pier on upstream and 33 mm diameter pier on downstream in 
tandem arrangement, 
(v) 33 mm diameter pier on upstream and 66 mm diameter pier on downstream in 
tandem arrangement, 
(vi) Two piers of 33 mm diameter at constant ar^le of attack but varying radial distances, 
(vii) Two piers of 33 mm diameter at constant radial distance but varying angles of 
attack, 
(viii) Two piers of 33 mm diameter in transverse arrangement, 
(ix) Three piers of 33 mm diameter in staggered arrangement, 
(x) A group of piers of varying sizes with and without collar at varying angles of 
attack. 
no 
(xi) A group of two piers of 41.5 mm diameter at fixed pier spacing with and without 
collar at varying angles of attack. 
The experiments for the above mentioned pier arrangements were carried out until the 
equilibrium scour depth was attained that is, when the scour depth did not change 
appreciably with time. The equilibrium scour depths were noted. The data on temporal 
variation for these runs are given in Appendix I. Appendices V to VII give the sediment 
and hydraulic details for the same data. 
Prior to start the experiments on group of piers placed in arrangements (ii) to (ix) 
mentioned above, a series of experiments on a single pier was performed first so as to 
have a basis for the evaluation of the effect of mutual interference of piers on local scour. 
5.1 Single Circular Cylindrical Pier 
A series of experiments was performed on a 33 mm single circular cylindrical pier to 
have a basis against which the effect of mutual interference of piers on scour depth can be 
analyzed. In these experiments, the flow, sediment and pier conditions were kept same as 
that of piers group experiments as to directly compare the pier group results. 
As the single pier scour results have to be used to form a basis for analyzmg results on 
group of piers placed in different arrangement, it is imperative to have clear 
understanding of flow mechanisms around a single pier. 
5.1.1 Flow patterns at a cylindrical pier 
It is established fact that flow patterns past a single pier protruding from a plane 
boundary in uniform open charmel flow is complex. This complexity further increases 
with the development of scour hole. The flow pattern past a single pier is separated into 
its components: 
(i) Down flow in front of the pier 
(ii) Horseshoe vortex 
(iii) Cast off vortices and wake 
(iv) Bow wave 
I l l 
In present case of single pier experiments, the flow was observed to separate at the sides 
of the pier and the separation surface enclosed the wake, downstream of the pier. The 
separation resulted in the development of the concentrated "Cast off' vortices in the 
interface between the flow and the wake. Near the bed, these vortices were observed to 
interact with horseshoe vortex causing the trailing part to oscillate laterally at the 
frequency of vortex shading. Cast off vortices with their low pressure centres were 
observed lifting sediments from the bed like tiny tornados. 
The commencement of scour hole development was observed at the sides of the pier with 
the holes quickly propagating upstream around the perimeter of the cylinder to meet on 
the centre line. The eroded material was observed being transported downstream by the 
flow. Soon after the commencement of scouring, a shallow hole, concentric with the 
cylinder, was formed around most of the perimeter of the cylinder but not m the wake 
region. The downflow was acting like a vertical jet eroding a groove in front of the pier. 
The eroded material was carried around the pier by a combined action of accelerating 
flow and spiral motion of the horseshow vortex. 
The downflow was turning 180° in the groove and the upward flow was deflected by the 
horseshoe vortex in the upstream direction, up the slope of the scour hole, the groove 
almost disappeared altogether when scour approached to its equilibrium depth. The rim 
was observed to collapse irregularly in local avalanches of the bed material. The 
deflection of the downflow ejected this material upto where the horseshow vortex was 
observed to push some of it up the slope. The rest was picked up and carried by the flow 
into and behind the wake region where a bar developed. The upstream part of the scorn-
hole developed more quickly. The scour hole assumed the shape of a frustum of an 
inverted cone with slope equal to the angle of repose of the bed material under erosion 
conditions. 
To verify the maximum scour depth obtained in present experimental conditions for a 
single pier, a comparison has been made with the scour depths computed from the 
existing relationships reported by Laursen and Toch (1956), Breusers et. al. (1977), Jain 
(1981), Melville (1997) and HEC- 18 (CSU) design scour equation (see, Table 5.1). The 
scour depth observed in present study is very close to the scour depth predicted by the 
equations of Laursen and Toch (1956), SC Jain (1981) and HEC-18. 
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Table 5.1 Comparison of observed scour depth at single pier with scour depth 
computed using existing scour depth predictors 
Investigators 
Present study 
Laursen & and Toch., 1956 











Some of the salient scour characteristics observed around an isolated pier are given in Table 5.2. 
Table 5.2 Scour characteristics observed at an isolated pier experiments 
Scour Characteristics 
Maximum scour depth at nose of the pier ' J*,' or 'dsna/ 
Normalized equilibrium scour depth 'ds„(i/b' 
Maximum scour depth at rear face of the pier 'dSffft)' 
Top width of scour hole along upstream and downstream faces 
of the pier 'wn^/ and 'Wj/^ '^respectively. 
Length of scour-hole from upstream face of the pier 'Lshu (i)' 
Length of scour-hole from downstream face of the pier 'Lshdo/ 
Upstream slope of scour hole '^' 
Downstream slope of scour hole '6' 
Length of sediment deposition on downstream of the pier 
Areaof scour hole Ash(i) 
Area of extent of scour'^4,' 













In view of providing protection to pier against local scour, the study of scour and deposition 
pattern and location of the deepest scour is considered to be of utmost importance (Vittal et 
al., 1994). In the light of its relevance, longitudinal scour profile, lateral scour profiles and 
areal extent of scour are measured at the end of present experiments and plotted as shown in 
Figs. 5.1 to 5.5 respectively and the same are also depicted in Fig. PI. 
5.1.2 Longitudinal profile of scour 
Fig. 5.1 illustrates the longitudinal scour profile, which shows the deepest scour 
occurrence at the nose of the pier. From Fig. 5.1, it is inferred that from downstream 
face of pier the scour depth below original bed level decreases along the flow direction 
and approaches to zero at the original bed level at a distance of 29.5 cm from the 
downstream face of the pier. Deposition of sediment occurs beyond 29.5 cm from 
downstream face of the pier. 
Fig. PI: Scour and deposition patterns around single circular 
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Fig. 5.1 Variation of scour depth along flume length for an isolated pier ds„(,) and dsrff,) (where 
rf5„^/;= scour depth at nose of pier, dsrf(i)= scour depth at rear face of pier). 
5.1.3 Lateral profiles of scour 
Figs. 5.2, 5.3 and 5.4 show the lateral scour profiles plotted along the width of the flume 
at the upstream and the downstream faces of the pier and at the section of maximum 
deposit respectively. It can be seen in Figs.5.2 and 5.3 that the maximum scour depth 
occurs at the centre of the upstream face of the pier (i.e., at the nose) while at the 
downstream face, maximum scour occurs at 0.8 cm away on either sides of the centre 
(Fig.5.3). The maximum sediment deposition is observed along the centre line of the 
scour extent as is clearly illustrated in Fig.5.4, at a distance of 59.3 cm from the 
downstream face of the pier. 
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Top width of scour hole= Wi,n, = 2 5 -
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; ) 
Distance along flume width (cm) 
Fig. 5.2 Lateral profile of scour drawn at upstream face of an isolated pier (where ds„oi = scour 
depth at nose of pier, w„^ ,y = top width of scour hole at upstream face of the pier). 
114 
Top width of scour hole =Wi ,^ ,=25 
-Original bed level 
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Distance along flume widrth (cm) 
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Fig. 5.3 Lateral profile of scour drawn at rear face of the an isolated pier (where dsrf(i) - scour 
depth at rear face of pier, v/rfd) = top width of scour hole). 
Extent of sediment deposition = 30 
Distance along flume width (cm) 
Fig. 5.4 Lateral profile of scour drawn through the point of maximum sediment deposition. 
5.1.4 Areal extent of scour 
Fig. 5.5 depicts the areal extent of scour around an isolated pier with zones of scour and 
deposition distinctly marked. As seen in Fig. 5.5, the shape of the scour hole at 
upstream face of the pier is semicircular in plan while moving downstream, width of 
scour extent decreases followed by a sudden increase at a distance of 29.5 cm from the 
pier. Lengthwise deposition of sediment in the direction of flow is observed to be more 
along the centre line of the scour extent and less while moving away from the centre 
line on either side. The reason for this can be attributed to the scouring mechanism as 
reported in earlier studies of Nakagawa and Suzuki (1975), Hjorth (1977), Ettema 
(1980) and Dey and Raikar (2007). 
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Fig. 5.5 Areal extent of scour around an isolated pier 
The actual mobilization and removal of sediment is observed in an area immediately 
adjacent to the pier base in the scour hole. The particles lifted not high enough into the 
flow are swept directly behind the pier and enters the relatively calm wake region 
between the shedding vortices forming the mound behind the pier. The particles carried 
high enough into the flow interact with the wake vortices and are transported and 
deposited well downstream. 
At the last stage of experiment, the sediment was observed resting permanently on the 
sloping surface of the scour hole without moving further down the slope of scour hole. 
When the experiment was over, the top width of scour hole normal to the flow direction 
was measured through the nose of pier. The angle of slope of scour hole was also 
measured. The upstream slope of the scour hole is observed to be same as the angle of 
repose of the bed material '^'. 
To study the scour hole dimensions, it is necessary to examme the scour process on 
upstream and downstream of a pier. The scour on upstream is governed by the horseshoe 
vortex while on downstream is mainly a result of wake vortices which are formed by the 
rolling up of the unstable shear layers generated at the surface of the pier and detached 
from it at the separation points. The wake vortex system with a low pressure zone in the 
centre acts somewhat like a vacuum cleaner and picks up the bed material. The transport 
of the picked up material, however, depends on the strength of the eddies shedding from 
the pier and being convected by the main flow. 
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Since the knowledge of scour hole dimensions is important in determining the extent of 
countermeasures needed to prevent scour at piers, some of the important features of 
scour hole are analyzed as imder. 
The top width of scour hole observed at the upstream face of single pier (see, Table 5.2) 
tallies well with that computed from relationship of Richardson et al. (1993). The median 
ratio of scour hole width to scour depth 'wno/dst' is obtained as 3.623 and the median 
ratio of scour hole width to the pier width 'w„(i/b' is obtained as 7.576 and the maximum 
ratio of scour depth to pier width 'ds/h' is 2.1. 
Scour hole Length is the distance from upstream face of pier to the upstream edge of the 
scour-hole (upstream length) or to the downstream edge of the scour hole (downstream 
length). The total length of scour hole is equal to the sum of the upstream and 
dowTTStream lengths plus the diameter of the pier. The downstream scour hole length is 
affected by the flow pattern and pier misalignment to flow and is generally greater than 
the upstream scour hole length. 
It is evident from the observations given in Table 5.2, that the median ratio of upstream 
scour hole length to pier width 'Lshu(i/b' is 3.394 and the median ratio of downstream 
scour hole length to pier width 'Lshda/b' is 8.94. The downstream slope is observed to be 
less than the upstream slope since the flow pattern around a bridge pier might have 
caused the downstream length of scour hole to exceed the upstream length. The lowest 
elevation of bed in a scour-hole is observed at the upstream at a distance less than half of 
the pier width from the upstream face of the pier. 
5.1.5 Temporal variation of scour 
The data on tenqwral variation of scour depth around the single pier collected in present study 
are plotted and compared with the predictor of Kothyari et. al. (1992 a) as shown in Fig.5.6. 
These single pier local scour results are utilized in the following sections to form the basis 
for the analysis of results obtained from the data collected in present study on local scour 
at group of piers placed m different arrangements. The data on temporal variation of 
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Fig. 5.6 Temporal variation of scour at an isolated pier 
5.2 Two Circular Piers of Same Size in Tandem Arrangement 
5.2.0 Introduction 
When two piers were testified in tandem arrangement in present experiments, it was observed 
that the vortex system including horseshoe and wake vortices excavated the scour holes around 
the front and rear piers in a similar manner as an isolated pier. Down-flow at the upstream face 
of the piers impinged the streambed and dug a hole in front of the piers and the flow separation 
downstream of the piers produced the wake vortices. The scour holes around the piers were 
observed to be independent of one other except for the cases with pier spacings x/b=0 and 1. 
In present study, effect of mutual interference between front and rear piers is investigated 
by plotting longitudinal profiles of scour, lateral profiles of scour and areal extents of 
scour for varied pier spacings 'x/b' as shown in Appendix-II, Appendix-Ill and 
Appendix-IV respectively. Out of the total cases of longitudinal scour profiles and areal 
extent of scour, some typical cases are chosen for analysis and discussion in this part of 
present study. The photographs showing scour and deposition patterns developed on the 
bed around the piers were taken at the end of each experiment. Photographs of some 
distinctive cases are shown in Fig. P2. The analysis of results achieved from present 
experimental data is made under the following heads. 
5.2.1 Variation of scour depth along flume length 
Using the data collected in present experiments on two piers placed in tandem 
arrangement, the longitudinal profiles of scour along the central line of flume in flow 
direction are plotted as shown in Appendix-II. The overlapping of longitudinal profiles 
developed around front and rear piers shown in Fig.5.7, demonstrates existence of the 
effect of mutual interference of two piers on local scour upto pier spacing x/b<30. 
Fig. P2: Scour and deposition patterns around two piers placed in 
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Fig. 5.7 Variation of scour depth at two piers of same size placed in tandem arrangement along 
flume length at .v h=15 
However, as depicted in Fig.5.8, the longitudinal profiles of scour get separated from one 
another at pier spacing x h=30, ahhough, the length of the rear pier profile remains 
smaller than that of the front one. 
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Fig. 5.8 Variation of scour depth at two piers of same size placed in tandem arrangement along 
flume length at x h=30 
Fig.5.9 reveals that when the pier spacing xh approaches to 90, the lengths of 
longitudinal profiles of front and rear piers become similar to that of an isolated pier 
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Fig. 5.9 Variation of scour depth at two piers of same size placed in tandem arrangement along 
flume length at .v h=90 
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5.2.2 Variation of scour depth with pier spacing 
Fig. 5.10 shows the variation of relative scour depths 'dsf/dsi' and 'dsr/dsi' observed at 
front and rear piers respectively with relative pier spacing 'x/b'. 
- Front pier 
-Rear pier 
30 40 50 60 
Relative pier spacing 'x/b' 
Fig. 5.10 Variation of relative scour depth 'dsf/dsi' and 'dSr/dsj' at two piers of same size 
placed in tandem arrangement with pier spacing 'x/b' (where dsf= scour depth at front 
pier, dSr = scour depth at rear pier and dsi = scour depth at an isolated pier). 
At pier spacing x/b=0, the scour depth at front pier is same as that at an isolated pier. With 
an increase in pier spacing, the scour depth at front pier increases due to the reinforcing 
effect induced by the rear pier. At jc/6=1.5, the reinforcing effect on front pier is 
maximum as a result of which the scour depth at the front pier is maximum at this pier 
spacing. Thereafter, the reinforcing effect decreases upto x/b=\0. At larger pier spacing, 
(i.e., x/b>\0), the reinforcing effect weakens and the scour depth at front pier approaches 
to that at an isolated pier at x/b=90. For pier spacings up to x/b=5, the rear pier scour hole 
partially overlaps and reduces the height of the exit slope of the scour hole around the 
front pier. This causes the scour around the front pier to be reinforced or to become 
deeper than a scour hole around an isolated pier. As shown in Fig (5.11), the difference 
between the original bed level and the base of the rear pier scour hole is maximum at x b-i. 
Fig. 5.11 Variation of scour depth at two piers of same size placed in tandem arrangement along 
flume lensth at x h=l 
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Taking into consideration the variation of bed level between the two piers it can be 
noticed in Fig. 5.12 that as the pier spacing x/h increases and reaches to 10, the bed level 
between the two piers increases and reaches to the original bed level due to deposition of 
the bed material which is scoured and transported from the front pier scour hole. 
Flow. 
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Fig. 5.12 Variation of scour depth at two piers of same size placed in tandem arrangement along 
flume length at x h-\^ 
As demonstrated in Fig.5.13, the bed level between the two piers increases above the 
original bed level at x/b>10 due to dommant deposition of the bed material transported 
from the front pier scour hole. 
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Fig. 5.13 Variation of scour depth at t\\o piers of same size placed in tandem arrangement along 
flume length at x 6=12.5 
As regards to the rear pier scour depth variation, it is evident from Fig. 5.10 that the scour 
depth at the rear pier is significantly influenced due to the sheltering effect of the front pier. 
This sheltering effect produced by front pier reduces the effective approach flow velocity 
for the rear pier and provides sediment transport into scour hole formed around it, results in 
the formation of weak vortex system and thus resuhs in reduced scour depth at the rear pier. 
At yJh = 0, the sheltering of the rear pier is complete and the scour depth at the rear pier is 
about 86 % of the scour depth at the front pier (i.e., maximum scour depth at single pier). 
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With an increase in the pier spacing, the sheltering effect reduces and separate scour holes 
at the front and rear piers are formed at pier spacing x/b=\. From x/b ^ \ io 6, there is an 
increase in the scour depth at rear pier. The reason for this increase in scour depth is 
attributed to the striking action of wake vortices shed from the front pier which pass very 
close to the rear pier thereby causing an increase in the scouring strength of the horseshoe 
vortex in the rear pier scour hole. As noticed in Fig. 5.10, the scour depth at rear pier 
approaches to maximum and close to that of an isolated pier at x/b= 6. However, at x/b>6, 
the shed vortices become less effective in removing bed-material from the rear pier scour 
hole as they pass far away from the rear pier. At larger pier spacing the level of bed 
between the two piers builds up due to dominant deposition of the bed material transported 
by the flow from the front pier scour hole. The built up bed between front and rear piers 
interferes with the horseshoe vortex in the rear pier scour hole. With diminishing effect of 
shed vortices effect and building up of the bed between the two piers, the scour depth at 
rear pier starts decreasing and reaches to a minimum atx/b= 12.5. With fiirther increase in 
pier spacing, the rear pier becomes free from effect of shed vortices and the scour depth 
reaches to the scour depth of an isolated pier at x/b=90. 
The ratio of maximum scour depth at the upsfream face of front and rear pier to the pier 
diameter 'dsf/b' and 'dsr/b' are plotted against pier spacing 'x/b' as shown in Fig 5.14. The 
value of this ratio 'dsf/b' for front pier is observed as 2.43, at pier spacing x/b = \.5. Also, for 
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Fig 5.14 Variation of scour depth 'dSf/b' and 'dSr/b' with pier spacing 'x/b' at two piers of 
same size in tandem arrangement (where J5/=scour depth at front pier, 'dSf/b' = scour 
depth at rear pier and b= pier diameter). 
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The scour depths at rear pier with respect to the scour depth at front pier 'ds/ds/ are plotted 
against the relative pier spacing 'x/b' as shown in Fig. 5.15. The value of 'ds/ds/ at pier 
spacing x/b=0, is 0.83. Between pier spacing x/b= 0 and 1 the value of 'ds/ds/ decreases 
and increases thereafter, upto pier spacing x/b=\0. Between pier spacing x/b=lO and 12.5, 
there is a decrement in the value of 'dsr/ds/. Beyond pier spacing x/b=\2.5, the value of 
'ds/ds/ increases. The reason for this variation in the values of 'ds/ds/ with pier spacing is 
same as that for the variation of scour depth as discussed in section 5.2.2 of this chapter. 
30 40 50 
Relative pier spacing 'x/b' 
Fig 5.15 Variation of scour depth at rear pier with respect to the scour depth at front pier 'ds/ds/ 
for two piers of same size placed in tandem arrangement (where dsr = scour depth at 
rear pier, dsf= scour depth at front pier) 
The scour depths observed at front and rear piers at varying pier spacing are compared 
with published results of Hannah (1978) as shown in Table 5.3. 
Table 5.3 Comparison of scour depth observed 
arrangement in present study with published results 
pier spacing 'x/b' 
at piers placed in tandem 
of Hannah (1978) for varying 
Maximum scour depth with respect to pier diameter observed at two piers 
in tandem arrangement Pier Spacing 
x/b Present study 






































































The scour depths observed at front and rear piers by Hannah (1978) are comparably less 
than the scour depths measured in the present study under similar flow conditions (Table 
5.3). In the present study, minimum scour depth at front face of rear pier is observed at 
pier spacing x/b - 12.5 instead of at pier spacing x/b-\6 as reported by Hannah (1978). 
The reason for this disparity in results can be attributed to the longer duration of 
experimental runs and imposition of higher stresses {i.e., higher value of U/U*) used in 
present study. The re-approchement of equilibrium scour depth at front pier earlier than 
the rear one is due to the fact that rear pier being in shelter of the front pier. 
The task of modelling for the estimation of scour depth at front and rear piers for varied 
pier spacings 'x/b' is accomplished by using ANN models the details of which are 
presented in Tables 6.1 and 6.2 (Chapter VI) and ANN architectures Fig 6.10 (Chapter 
VI). The estimated scour depths are plotted against observed scour depths as shown in 
scatter grams (Fig. 6.11, Chapter VI). The average values of correlation coefficient R^ 
between observed and ANN estimated scour depths as given in Table 6.2 (Chapter VI) 
are 0.9976 for front pier and 0.9846 for rear pier respectively. The closeness of the data 
points to the line of best agreement shown in Fig. 6.11 (Chapter VI) also indicates the 
excellent agreement between observed and ANN estimated values of scour depths. As 
given in Table 6.2 (Chapter VI), the values of rmse for training data sets for front and 
rear piers are 7.69x10-4 and 5.7x10-4 while the corresponding values for testing data sets 
are 1.39x10-3 and 2.87x10-3 respectively. The higher values of R^ and lower values of 
rmse are indicative of the accuracy in the scour depths produced by ANN models. 
5.2.3 Dimensions of scour holes 
Since the knowledge of scour hole dimensions is important in determining the extent of 
countermeasures needed to reduce scour at piers, various parameters explained as under 
using present experimental data are determined. 
(a) Length of scour holes 
To study the characteristics of scour holes developed around front and rear piers, the length 
of scour holes at upstream and dovmstream face of front and rear piers and the slope of 
scour holes m the direction of flow are obtained from longitudinal profiles of scour as 
shown in Appendix-II. The top widths of scour holes at upstream face of front and rear 
piers are obtained from lateral profiles of scour as shown in Appendix-Ill. 
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(b) Length of scour hole at upstream face of front pier 
Fig. 5.16 shows the variation of relative length of scour holes 'LSHUO/LSHU to' and 'LSHUM/LSHU 
0) 'at the upstream faces of front and rear piers with pier spacing x/b. At pier spacing 
x/b=0, the length of scour hole at upstream face of the front pier is observed to be same as 
that of an isolated pier. Between pier spacing x/b=0 to 2 the scour hole length at upstream 
face of front pier increases due to an increase in reinforcing effect on front pier and 
decreases thereafter, upto pier spacing x/b=\0 due to the decrease m reinforcing effect. 
The reinforcing effect disappears completely beyond pier spacing x/b=\0 and the length 
of scour hole on upstream face of front pier remams constant. 
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Fig 5.16 Variation of relative length of scour hole at upstream faces of front and rear piers 
'Lshuif/Lshufi)' and 'Z,j/,„ (r)/Lshuw' with pier spacing 'x/ft' for two piers of same size placed 
in tandem arrangement (where L^hutf) = Length of scour hole at upstream face of front 
pier, Lshu (r) = Length of scour hole at upstream face of rear pier and Lshu(,) = length of 
scour hole at upstream face of isolated pier). 
(c) Length of scour hole at upstream face of rear pier 
The variation in the length of scour hole at upstream face of rear pier is shown in Fig. 
5.16. It is observed that upto pier spacing x/b=6 the length of scour hole increases. This 
increase m the rear pier scour hole length is attributed to the enhancement in the scouring 
strength caused by the striking impact of shed vortices originating from front pier. For 
pier spacings ranging from x/b^6 to 12.5 the length of scour hole decreases due to the 
diminution in the scouring strength as a result of sheltering of rear pier caused by the bed 
material deposited at upstream face of rear pier and due to the diminishing state of shed 
vortices effect on rear pier. Beyond pier spacing x/b=\2.5, as the rear pier being freed 
from all effects, the length of scour hole on upstream face of rear pier increases and 
reaches to that of an isolated pier at pier spacing x/b=90. 
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(d) Length of scour hole at downstream face of front pier 
The variation of scour hole length at downstream faces of front and rear piers 'Uhd(f)/Lshd(i)' 
with pier spacing 'x/b' is shown in Fig. 5.17. It is observed that the length of scour hole 
increases upto x/b=\Q. The reason for this increment is the complex flow pattern on 
downstream of front pier caused by the interaction of horseshoe vortex with the shed 
vortices originating from the front pier. 
- Downstream face of front pier 
- Downstream face of rear pier 
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Fig 5.17 Variation of relative length of scour hole at downstream faces of front and rear piers 
'Lsh<i(f) /Lshjo)' and 'LM(r) /Lshjd)' respectively with pier spacing 'x/h' for two piers of 
same size placed in tandem arrangement (where Lshdifl = Length of scour hole at 
downstream face of front pier, L,hd(r) = Length of scour hole at downstream face of rear 
pier, and L.hdo) = Length of scour hole at downstream face of an isolated pier). 
The front pier experiences the reinforcing effect upto pier spacing x/b=\Q, which 
dominates on the flow pattern upto this pier spacing and results in an increase in scour 
hole length. Steep reduction in rear pier scour hole length at pier spacing 10<jc/i<12.5 
indicates a rapid decrease in horseshoe vortex strength causing a drastic change in flow 
pattern. Beyond pier spacing x/b=l2.5, the scour hole length increases and reaches to that 
of an isolated pier at pier spacing x/b=90. This mcrease in scour hole length indicates the 
dimmishing state of the effect of mutual mteraction of flow with horseshoe vortex and 
wake vortices originating at the front pier. The length of scour hole at pier spacing x/b=90 
bemg equal to that of an isolated pier suggests that the two piers apparently become free 
from mutual interference. 
(e) Length of scour hole at downstream face of rear pier 
Fig.5.17 shows the effect of pier spacing on the length of scour hole at downstream face 
of rear pier %hd(r) /Uhd(,) '• It is examined that the scour hole length decreases upto pier 
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spacing x/b=\2.5. The effect on the flow pattern caused by the sheltering of rear pier by 
front pier and the sediment deposit on the bed at the upstream face of rear pier are the 
reasons for this decrement. Beyond pier spacing x/b= 12.5, the increase in the length of 
scour hole indicates the weakening of this sheltering effect. The equal lengths of scour 
hole around two piers at pier spacing x/b=90 indicate the complete disappearance of the 
sheltering effect on rear pier. 
(f) Slope of scour holes 
The slopes of scour holes on the upstream and downstream faces of front and rear piers 
are plotted against pier spacing 'x/b' as shown in Figs. 5.18 and 5.19. As is evident from 
Appendix-ll, distinction between the scour holes at upstream face of rear pier and 
downstream face of front pier is difficult at pier spacing x/b=0, therefore, the slope at 
downstream face of front pier is plotted for pier spacings greater than zero. 
(i) Slope of scour holes at upstream face of front pier 
It is observed in Fig. 5.18 that the slope of the scour hole on upstream face of front pier 'Siu(fl/ 
Siu(,)' increases between pier spacing x/b=0 and 1, which is primarily due to an increase in the 
reinforcing effect on front pier. Between pier spacing xAy= 1 and 30, the substantial 
decrement in the reinforcing effect on front pier occurs which causes reduction in the scorn-
depth and hence in the slope of scour hole. At pier spacing x/b>?)0 the reinforcing effect 
almost disappears and the corresponding slope of scour hole remains fairly constant. 
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Fig 5.18 Variation of relative slope of scour hole at upstream faces of front and rear piers 'Siu(j)/ 
Siud)' and 'Siu(r) / S\u(,)' respectively with pier spacing 'x/b' for two piers of same size 
placed in tandem arrangement (where Siu(f) = slope of scour hole at upstream face of 
front pier, Siuir) = slope of scour hole at upstream face of rear pier and 5'/„^ ,)=slope of 
scour hole at upstream face of isolated pier). 
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(ii) Slope of scour holes at upstream face of rear pier 
As illustrated in the above Fig. 5.18, the length of scour hole at the upstream face of the rear 
pier increases upto pier spacing x/b= 12.5. At x/b<\0, the bed level between the two piers 
remains below the original bed level and the downstream part of front pier scour hole and 
the upstream part of rear pier scour hole are separated by a narrow thin brim. With an 
increase in pier spacing the height of this brim reaches to the original bed level at pier 
spacing 'x/b' greater than 10 which in turn results in an increase in the scour hole slope upto 
pier spacing x/b=l2.5. Further, it is observed that the sediment deposition starts at the bed 
upstream of rear pier at pier spacing x/b>\0. When pier spacing 'x/b' increases beyond 
12.5, the sediment deposited on the bed upstream of rear pier slips down into the scour hole 
causing reduction in the scour depth and slope upto pier spacing x/h=30. Thereafter, the 
approachment of bed material scoured from front pier scour hole to the rear pier scour hole 
stops substantially. As a result, the scour depth at rear pier is not much affected and the 
slope of the scour hole 'Siu(r)/Siu(i)' remains fairly invariable upto pier spacing x/b=90. 
(iii) Slope of scour holes at downstream face of front pier 
Fig. 5.19 shows the effect of pier spacing 'x/b' on the slope of scour hole at the 
downstream faces of front and rear piers. An increase in slope is observed upto pier 
spacing x/b=lO, which is attributed to the dominance of reinforcing effect over the 
interaction of flow with the horseshoe vortex and wake vortices originating from front pier. 
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Fig 5.19 Variation of relative slope of scour hole at downstream faces of front and rear piers 
'Sij0 /Sid(i)' and 'Siu(r) /Sid(i)' respectively with pier spacing 'x/b' for two piers of same 
size in tandem arrangement (where Sid(j) = slope of scour hole at downstream face of 
front pier, Sij(r) = slope of scour hole at downstream face of rear pier and Sid(,j = slope of 
scour hole at downstream face of isolated pier). 
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Beyond x/b=\0, the slope decreases, which is indicative of the initiation of decrement in 
the mutual interaction of flow with horseshoe vortices and wake vortices originating from 
front pier. At pier spacing x/b=90, the slope becomes the same as that of an isolated pier 
signifying the two piers to become virtually free from mutual interference. 
(iv) Slope of scour holes at downstream face of rear pier 
Fig. 5.19 shows the effect of pier spacing 'x/b' on the slope of scour hole at the 
downstream face of rear pier. It is observed that the slope of scour hole increases upto 
pier spacing x/b=\0. It is also observed m Appendix-II that deposition of sediment does 
not occur in between the two piers upto pier spacing x/b~lO and thus the entire bed 
material scoured from front pier scour hole gets transported and deposited at downstream 
face of the rear pier. The reason for this is the dominance of sheltering effect on rear pier 
upto pier spacing x/b=\0, due to which wake vortices originating from front pier become 
weak in strength and causes the bed material to deposit at close proximity of the 
downstream face of rear pier. This deposition of sediment causes an increase in the bed 
level at the downstream face, which in turn increases the slope of the scour hole. 
However, at pier spacing x/b>\0, the sheltering effect on rear pier reduces, and the 
velocity of flow approaching the rear pier increases as a result of which the strength of 
wake vortices enhances. This change in flow mechanism results in an increase in the 
scouring intensity and deposition of bed material farther away at downstream face with 
flattened peak, and ultimately leads to an increase in the scour hole length and decrease in 
the scour hole slope. 
(g) Width of scour holes 
The lateral profiles of scour at upstream face of front and rear piers Appendix-Ill are used 
for the computation of relative top width of scour holes. Fig.5.20 illustrates as to how the 
pier spacing 'x/b' affects the relative width of scour holes V/Av,' and 'wi/w,' of front and 
rear piers respectively, where, wi is the top width of scour hole at upstream face of front 
pier, W2 is the top width of scour hole at upsfream face of rear pier and 'w,' is the top 
width of scour hole at upstream face of an isolated pier. It is noticed that the relative 
width of scour hole 'wj/wj' at pier spacing x/b=0, is equal to that of an isolated pier. 
Whereas, at pier spacing x/b= 1, a 20% increase in the scour hole width is observed as 
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compared to that of an isolated pier. This increase is due to the enhancement in scour 
depth caused by reinforcing effect on front pier. At pier spacing x/b>l, there is a 
weakening in the reinforcing effect at front pier due to which the scour depth decreases 
and the relative width of scour hole 'wj/wj', decreases and reaches to that of an isolated 
pier at pier spacing x/b=\5. Due to the complete disappearance of reinforcing effect, the 
width of scour hole 'w/Zw,' remains fairly constant upto x/b=90. 
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Fig 5.20 Variation of scour hole width observed at front and rear piers 'wi/wi' and 'w/w/ with 
pier spacing 'x/h' for two piers of same size placed In tandem arrangement (where w/ = 
width of scour hole of front pier, W2= width of scour hole of rear pier and w,= width of 
scour hole of an isolated pier). 
Fig. 5.20 reveals the variation in the relative width of scour hole WiAv/at upstream face of 
rear pier with pier spacing x/b. Upto pier spacing x/b=6, an mcrease in W2/wi is noticed. 
The reason for this increase in Wi/w, is attributed to the effect of shed vortices which 
originate from front pier and pass very close to the rear pier, dommates on scouring at 
rear pier causing an increase in scour depth and the width of scour hole W2/wi. 
At 6<x/b<\2.5, a decrement in the values of W2/Wi is observed which is due to the 
dominance of sheltering of front pier. For pier spacings \2.5<x/b>30, the sheltering effect 
on rear pier gets reduced considerably due to which the width of scour hole 'w2/wi' 
increases. At pier spacing 30<x/b<90, 'w/w,' remains constant which implies that the two 
piers become free from mutual interference effects. A comparison of Figs. 5.20 and 5.21 
reveal the observed widths of scour holes at front and rear piers to be in good agreement 
with the results of Richardson et. al. (1993). 
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Fig 5.21 Variation of scour hole width with pier spacing 'x/V for two piers of same size placed in 
tandem arrangement (computed by the method of Richardson et al., 1993). 
The widths of scour hole at rear pier with respect to the widths of scour hole at front pier 
w/w/ are plotted against pier spacing x/b as shown in Fig.5.22. It is observed that the 
value of W2/W1 increases upto pier spacing x/b=6. This increase indicates the dominance 
of the effect of shed vortices on rear pier. At pier spacing x/b>6, the value of 'W2/W1' 
decreases and reaches to a minimum at pier spacing x/b=\2.5. This decrease indicates the 
dominance of the sheltering effect on rear pier. For spacings x/b >12.5, 'W2/W1' increases 
and reaches to that of an isolated pier at x/b=30. 
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Fig 5.22 Variation of scour hole width observed at rear pier relative to that at front pier 'w /^w/' 
with pier spacing 'x/b' for two piers of same size placed in tandem arrangement. 
(h) Variation of area of scour extents with pier spacing 
The plots of areal extents of scour around the front and rear piers for varying pier spacings 
'x/b' are shown in Appendix-IV. It can be seen in Fig. (5.23) that the extents of scorn-
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Fig. 5.23 Area! extent of scour aiound t\\o piers of same size placed in tandem arrangement at x h=25 
Though the extents of scour around front and rear piers as shown in Fig. (5.24) are 
separated from each other at x />=30, the size of extent around rear pier still remains 
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Fig. 5.24 Areal extents of scour around t\\ 0 piers of same size placed in tandem arrangement at x h=30 
However, as the pier spacing 'x h' approaches to 90, Fig. 5.25 reveals that the extents of 
scour around front and rear piers become identical in shape and size and similar to that around a 










X = 90b = 297 
- 2 5 - ^ 
33 
i^y T 
,90J ^ \ 135^ _ 180 225 270 
23 t8 28 
360 
Distance along flume length (cm) 
• Front pier • Rear pier 
• 21-»| 
-y T 
^ 4 y 5 ^ \ J_450 
Fig. 5.25 Areal extents of scour around two piers of same size placed in tandem arrangement at x h=90 
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The variation of area of scour extent around the front and rear piers with pier spacing is 
shown in Fig. 5.26. 
7000 
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Fig 5.26 Variation of area of scour extent around two piers of same size placed in tandem 
arrangement with pier spacing 'x/b' 
The ratios of area of scour extent at varying pier spacing x/h to that of an isolated pier 
{i.e., relative area of scour extent) are computed using experimental data gathered in 
present study and the same are plotted against pier spacing x/b as shown in Fig.5.27. The 
relative area of scour extent observed at pier spacing x/b=0 is nearly same as that around 
an isolated pier. Between x/b=Q to 2, the relative area of scour extent increases This 
increase is attributed to the reinforcing effect of rear pier on front pier which has its 
dominance over the flow pattern and facilitates in lifting and spreading scoured bed 
material over larger area around the two piers in this range of pier spacing. 
30 40 50 60 
Relative pier spacing 'x/b' 
Fig 5.27 Variation of area of scour extent around two piers of same size placed in tandem 
arrangement with pier spacing 'x/b\ 
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At pier spacing ranging from x/h= 2 to 12.5, Fig. 5.27 shows a decreasing trend in the 
relative area of scour extent which suggests the dominance of the sheltering effect of front 
pier and of the bed material deposited on the bed upstream of the rear pier, over the flow 
pattern. This sheltering effect results in low scouring strength around the rear pier and 
weakens the lifting and transporting potential of the vortex system around the rear pier. 
At pier spacing x/6>12.5, the relative area of scour extent again increases. This increase is 
credited to the weakening of the effects of reinforcing, sheltering and vortex shedding at 
two piers. The relative areas of scour extents around front and rear piers are same and 
nearly equal to the areal extent around an isolated pier at pier spacing x/&=90 which 
indicates that the two piers become virtually free from the effect of mutual interference. 
(i) Length of sediment deposition at downstream face of piers 
The length of sediment deposition on downstream face of front and rear piers relative to 
that downstream of an isolated pier are plotted against pier spacing as shown in Fig. 5.28. 
No deposition of sediment is observed on downstream of front pier upto pier spacing 
x/&=10. The entire bed between two piers is in scouring upto pier spacing x/&=10. The 
reason for this is the high strength of the wake vortices downstream of front pier induced 
by intensive interaction of flow with the piers and sediment bed. Due to this increase in 
strength of wake vortices the sediments scoured from front pier scour hole do not deposit 
on the bed downstream of front pier and gets transported to downstream of the rear pier. 
In the range of pier spacings x/h^ 10 to 30, Fig.5.28 shows an increase in the length of 
sediment deposition on downstream of front pier. This happens because of a decrease in 
the strength of wake vortices originating from front pier, which causes some of the 
sediment particles to deposit on dovrastream of the front pier and some of it gets 
transported to downstream of rear pier. At pier spacing x^>30, the strength of wake 
vortices weakens further and causes major amount of sediment scoured from front pier 
scour hole to deposit on the bed downstream of front pier and very little of it transported 
to downstream of rear pier, as a result of which the length of deposition is maximum at 
pier spacing x/h =30. Thereafter, the wake vortices of front pier weakens fiirther and they 
do not remain able to transport the sediment particles fijrther downstream as a result of 
which the length of deposition remains nearly invariable at pier spacing x/6=30 to 90. 
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Fig.5.28 Variation of length of sediment deposition at downstream faces of front and rear piers 
'Ldep/LjepO)' with pier spacing 'x/h' for two piers of same size placed in tandem 
arrangement (where Ljep = length of sediment deposition at downstream face of front or 
rear piers, Ljepii/ = length of sediment deposition at downstream face of isolated pier). 
Fig. 5.28 shows an increase in the length of sediment deposition on downstream face of 
rear pier upto pier spacing x/b=6. This increase is attributed to the increase in the strength 
of wake vortices originating from rear pier. This increase in strength of wake vortices of 
rear pier is caused by the striking action of shed vortices approaching from front pier, 
which pass close enough to the rear pier. At x/b>6, the shed vortices approaching from 
front pier become less effective in removing bed-material from the rear pier scour hole as 
they pass farther away from the rear pier. At larger pier spacing the bed built up between 
the two piers due to dominant deposition of the bed material transported by the flow from 
the front pier scour hole, interferes with the vortex system in the rear pier scour hole. 
With diminishing shed vortices effect from front pier and building up of the bed between 
the two piers, the length of sediment deposition at the rear pier starts decreasing reaching 
minimum apparently at x/b = 12.5. With further increase in pier spacing, the rear pier 
starts becoming free from all mutual interference effects and the length of sediment 
deposition tends to reach to that of a single pier. 
The photographs shown in Fig.P2 clearly demonstrate the scour and deposition 
patterns developed on the bed around the piers and explain well the scour 
characteristics discussed above. 
5.2.4 Temporal variation of scour depth at front and rear piers 
The data collected on temporal variation of scour around front and rear piers placed in 
tandem arrangement are given in Appendix-I. From the plots of these data (not shown 
Fig. P8: Scour and deposition patterns around two piers of same 
size placed in lateral arrangement at varied lateral pier 
spacing Z,/b (A) Z ^ = 0 (B) Z,/h=l 
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here), it is noticed that the rate of scouring at rear pier lacks behind the front pier up-to 
pier spacing x/b= 30. To ascribe a reason to this happening, it is worth to mention that at 
short pier spacings, the bed material scoured from the front pier scour hole moves into the 
scour hole of the rear pier. As a result, flow takes more time to remove the bed material 
from the rear pier scour hole and the scour depth at the front pier approaches to 
equilibrium earlier than at the rear pier. Due to sheltering effect of the front pier on the 
rear pier, the scour depth at the rear pier remains smaller than the scour depth at the front 
pier. However, at larger pier spacing the bed material from the front pier scour hole does 
not reach the scour hole of the rear pier and sheltering effect of the front pier also 
vanishes, the scour depths at the front and the rear piers approaches to equilibrium 
simultaneously. The scour depth attained for varied pier spacings at a particular time at 
two piers in tandem arrangement can be obtained by plotting the data on temporal 
variation of scour depth given in Appendix-I. 
5.2.5 Concluding remarks 
Comparison of results achieved from present experimental data on two piers in tandem 
arrangement with those of an isolated pier reveals that the reinforcing and sheltering 
effects are dominant factors in the local scouring process at two piers in tandem 
arrangement. The reinforcing effect causes a maximum increase in the local scour depth 
at the front pier by 17% at x/b=\.5, however at x/b>\.5 it decreases and approaches to the 
scour depth of an isolated pier at relative pier spacing x/b=90. The sheltering effect of 
front pier causes a reduction in local scour depth at rear pier up to an extent of 17% at 
relative pier spacing x/6=0. At pier spacing x/b=\2.5, a maximum reduction of 33 % in 
scour depth at rear pier occurs due to the diminishing state of vortex circulation caused 
by sheltering effect of front pier. Beyond x/b=\2.5, the scour depth at rear pier increases 
and approaches to the scour of an isolated pier at pier spacing x/b=90. From these 
findings it can be concluded that the rear pier in tandem arrangement should be placed at 
x/b=l2.5 to achieve economy and safety. Comparison of the scour depths obtained in the 
present study with those reported by Hannah (1978) reveals that minimum scour depth at 
front face of rear pier occurs at pier spacing x/b = 12.5 instead of at pier spacing x/b=\6. 
For two piers tandem arrangement, ANN models designed in present study for scour 
depth prediction produce scour depths very close to the observed values of scour depths. 
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5.3 Three Piers of Same Size in Tandem Arrangement 
5.3.0 Introduction 
In order to analyze the results collected from present experimental data on local scour at 
three piers in tandem arrangement, the longitudinal scour profiles, lateral profile of scour 
and areal extents of scour are plotted against relative pier spacing 'x/b'. Longitudinal scour 
profiles illustrating the scour depths and length of scour holes are shown in Appendix-11. 
The lateral cross-sections of scour holes at upstream face of front, middle and rear piers are 
shown in Appendix-Ill and the areal extents of scour showing scour hole widths around the 
piers are shown in Appendix-IV. The data on temporal variation of scour depth are given 
in Appendix-I. Some distinctive cases of longitudinal and areal extents of scour are used for 
the analysis and discussion m this section. In order to analyze the results, photographs 
showing the scour and deposition patterns on the bed around the piers were taken at the end 
of each experiment. Photographs for some typical cases are shown in Fig. P3. 
5.3.1 Variation of scour depth along flume length 
In order to evaluate the effect of mutual interference among front, middle and rear piers on 
local scour, present experimental data collected on scour depth around front, middle and rear 
piers along the center line of flume in flow direction area plotted in longitudinal profiles for 
varied pier spacing 'x/h' as shown in Appendix-II. It can be seen in Fig. 5.29 that the 
longitudinal profiles of scour around front, middle and rear piers are just on the verge of 
separation from each other as the pier spacing x/b approaches to 30, however, the length of 
longitudinal profile around rear pier remains smaller than those at middle and front ones. 
Fig. 5.29 Variation of scour depth at three piers of same size placed in tandem arrangement at 
X h=30. 
Fig. P3: Scour and deposition patterns around three piers placed in 
tandem arrangement at varied pier spacings x/b (A) x/b=iO 
(B)x/b=30 (C)x/b=60 
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Fig.5.30 shows that at larger pier spacing the lengths of the longitudinal profiles around 
front, middle and rear piers approach to that around an isolated pier which clearly 
indicates that the three piers start getting freed from the effect of mutual interference. 
Fig.5.30 Variation of scour depth at three piers of same size placed in tandem arrangement at 
xh=m 
5.3.2 Scour depth at front, middle and rear piers 
The relative scour depths at front, middle and rear piers aligned in tandem arrangement 
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Fig.5.31 Variation of scour depth at front, middle and rear piers placed in tandem arrangement 
relative to the scour depth of an isolated pier 'dsf/dst,, dSm/ds, and ds/dSi' with pier 
spacing 'x/b'{where dsj=scouT depth at front pier, c?5m=scour depth at middle pier, 
dSr=scour depth at rear pier and ds; = scour depth at an isolated pier). 
As can be seen, scour depth 'dsf/dst' at front pier increases upto pier spacing x/6=30 due to 
the reinforcing effect of middle pier. Beyond x/h=2>Q, the reinforcing effect on front pier 
deceases due to which the scour depth ds/dsi approaches to that of an isolated pier at pier 
spacing x/b=9Q. At middle pier, the scour depth 'dsjdsf' remains less than that at an 
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isolated pier, except at pier spacing x/b=5, where it is less close to the value observed at an 
isolated pier. The reason for the scour depth being less at middle pier is the sheltering effect 
of front pier and the sheltering effect of sediment deposited on the bed upstream of middle 
pier. Maximum sheltering effect at middle pier is reflected from the lowest value of scour 
depth at pier spacing x/b=\ 5 beyond which the sheltering of middle pier reduces which 
causes an increase in the scour depth which gradually approaches to that of an isolated pier at 
pier spacing x/b=90. Fig.5.31 depicts the trend in the variation of scour depth 'ds/dst' at rear 
pier with pier spacing 'x/b', which is sunilar to middle pier with the difference that the 
magnitudes of the scour depth over the entire range of pier spacing 'x/b' remain smaller than 
that is observed at middle pier. The occurrence of lower scour depths 'ds/dst' at rear pier is a 
result of sheltering of the rear pier caused by the front and middle piers. 
5.3.3 Scour depth at middle and rear piers with respect to front pier 
The scour depth at middle and rear piers with respect to that at front pier 'dsm/ds/ and 
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Fig. 5.32 Variation of scour depth at middle and rear pier relative to the scour depth at front pier 
placed in tandem arrangement 'dsjds/ and 'ds,/dsf' with pier spacing 'x/b' (where ds/ = 
scour depth at front pier, dsn, = scour depth at middle pier, dsr= scour depth at rear pier). 
The trend in the variation of 'dsJds/ and 'dsr/ds/ with pier spacing 'x/b' as observed in 
Fig. 5.32 is first decreasing upto pier spacing x/b=i5 and then increasing upto pier 
spacing x/&=90 such that the values of both the ratio remain below unity upto pier spacing 
x/b=90. The reason for this variation in the ratios 'ds^/dsf and 'ds/ds/ is obviously the 
same as that for the scour depth variation at three piers discussed in section 5.3.2 of this 
Chapter. 
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Comparing the observed scour depth at front pier, it is noticed that the maximum scour 
depth at front pier is about 11.53% more than that of an isolated pier while the maximum 
scour depth at middle pier is about 15.47% higher than that at rear pier and about 1.02 % 
smaller than that of an isolated pier. Similarly the maximum scour depth at rear pier is 
about 16.5 % smaller than that of an isolated pier and 33.56% smaller than at front pier 
and less than the middle pier. 
Comparison of scour depths observed at middle pier in case of three piers tandem 
arrangement with the scour depth observed at rear pier in two piers tandem arrangement 
as given in Table 5.4, illuminates that the scour depth at middle pier is deeper than the 
scour depth at rear pier for the case of two piers in tandem arrangement. However, the 
scour depth at rear pier in three piers tandem arrangement is lower than those at rear pier 
in two piers tandem arrangement. These results are found in good agreement when 
compared with the results reported by Hannah, 1978 (ref Chapter II). 
Table 5.4 Comparison of scour depths observed at middle pier in three piers tandem 
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For the estimation of scour depth at front, middle and rear piers placed in tandem 
arrangement placed at varied pier spacings x/b, ANN models the details of which are 
given in Tables 6.1 and 6.2 (Chapter VI) and ANN architectures Fig.6.24 (Chapter VI), 
are applied to the present experimental data. The estimated values of scour depth at front, 
middle and rear piers are plotted against the observed values of scour depth as shown in 
scatter gram Fig. 6.23 (Chapter VI). Table 6.2 (Chapter VI) gives the values of average 
correlation coefficient R^ between observed and ANN estimated scour depths as 0.9906, 
0.9930 and 0.9963 for front, middle and rear piers respectively. As given in Table 6.2 
(Chapter VI), for the training and testing data sets, average rmse values for front, middle 
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and rear piers are 0.50935x10"^, 0.5885 xlO"* and 0.5625 xlO"* respectively. The closeness 
of the data points to the line of best agreement in scatter grams shown m Fig. 6.23 
(Chapter VI), low values of rmse and higher values ofR^ given in Table 6.2 (Chapter VI), 
all, indicate the accuracy of ANN models m predicting the scour depth. 
5.3.4 Characteristics of Scour Hole 
Since the knowledge of scour hole dimensions is important in determining the extent of 
countermeasures needed to reduce scour at piers, various parameters explained as under 
using present experimental data are determined. 
(a) Length of scour hole at upstream faces of piers 
The length of scour holes at the upstream face of front, middle and rear piers with respect to 
the length of scour hole observed at upstream face of an isolated pier 'Lshu(f/Lshu(i)', 
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Fig. 5.33 Variation of length of scour holes at upstream faces of front, middle and rear piers 
placed in tandem arrangement 'Lshu(i/Lshu(i)', 'Lshufm/Lshufl)' and 'Lshu(r/Lshu(i)' with 
pier spacing 'x/b' (where L,hu(fi = length of scour hole at upstream face of front pier, 
Lshu(m)= length of scour hole at upstream face of middle pier, Lshu(r)= length of scour 
hole at upstream face of rear pier and LshuO) - length of scour hole at upstream face of 
isolated pier). 
It is noticed in Fig. 5.33, that the length of scour hole at upstream face of front pier 
'Lshuff/Lshu(i)' is fairly constant over the entire range of pier spacing 'x/b' which indicates 
that there is no significant increase in length of scour hole due to reinforcing effect on 
front pier. The increase in length of scour hole on upstream face of middle pier 
'Lshu(m/Lshu(i)' with an increase in pier spacing upto x/b=6Q, indicates reduction in the 
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sheltering effect caused by the front pier on middle pier. The increasing trend in the scour 
hole length at upstream face of rear pier 'Lshu(r/Lshu(i)' upto pier spacmg x/b=60, infers to 
the reduction in the effect of sheltering offered by the middle and front piers on rear pier. 
However, between pier spacing x/b=60 to 90, the unvarying length of scour hole indicates 
the disappearance of the sheltering effect on middle and rear piers. 
(b) Length of scour hole at downstream face of piers 
The ratio of the lengths of scour hole at downstream face of front, middle and rear piers 
with respect to the length of scour hole observed at downstream face of an isolated pier 
'Lshd(fi/Lshd(i)', 'LM(m/Lshd(i)' and 'Lshd(r/Lshd(i)' are plotted against pier spacing 'x/b' as 
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Fig. 5.34 Variation of relative length of scour hole at downstream faces of front, middle and rear 
piers placed in tandem arrangement %hd(//Lshdfi)', 'Lshdfm/Lshdfo' and 'Lshdfr/Lshdfo' 
with pier spacing 'x/b '(where L,),f(j/ = length of scour hole at downstream face of front 
pier, Lshm(d)= length of scour hole at downstream face of middle pier, Lshr(d)= length of 
scour hole at downstream face of rear pier and Lsh(di) = length of scour hole downstream 
at face of isolated pier). 
An increasing trend in the length of scour holes at downstream face of front and middle 
piers 'Lshd(f/Lshd(i)', 'Lshdfm/LshdO)' is noticed upto pier spacmg x/b=\0. The reason for this 
trend is ascribed to high turbulence between front and middle, and middle and rear piers 
generated due to strong interaction of the piers with the flow approaching to the middle 
and rear piers and with the sediment bed, due to which deposition of sediment does not 
occur on the bed at upstream face of middle and rear piers and one brim is observed to 
form between front and middle piers and the other between middle and rear piers such 
that the level of this brim remains below the original sediment bed level upto pier spacing 
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x/b=\0. In addition to this, the wake vortices originating from front pier enhance the 
strength of horseshoe vortex of middle and rear piers. As a result, the strength of wake 
vortices originating from middle and rear piers mcreases which in turn causes the length 
of scour hole at downstream face of front and middle piers to increase upto pier spacing 
x/b=\0. As the pier spacing 'x/b' exceeds from 10, the level of turbulence in the flow 
approaching to the middle and rear piers decreases as a result of which the deposition of 
sediment on the bed on upstream of middle pier begins due to which the level of the 
above mentioned brim between front and rear piers increases. Consequently, slope of the 
scour hole increases. As a resuh, the length of scour hole on downstream of front pier 
decreases and reaches to a minimum at x/b=20. With fiirther increase in pier spacing 
'x/b', the bed material deposited on the bed upstream of middle pier gets transported by 
the approaching flow and slips down into the middle pier scour hole causing a decrease in 
the level of the brim at upstream of middle pier scour hole and hence a decrease in the 
slope of the corresponding scour hole. As a result, the length of scour hole at downstream 
face of front pier increases and reaches to that what is observed at an isolated pier at 
x/b=90. 
Furthermore, Fig. 5.34 reveals that the curves for front and middle piers are very close to 
each other. This closeness in the values of length of scour holes at downstream face of 
front and middle piers indicates intense interaction of flow with the wake vortices 
between front and middle pier and between middle and rear piers as compared to the rear 
pier which is free from any obstruction interacting with the flow on its downstream. 
It is also observed that the length of scour hole at downstream face of rear pier 
%hd(r/Lshd(i)' increases with an increase in pier spacing 'x^'. This increase is ascribed to 
the flow pattern around the rear pier. As compared to front and rear piers, where the 
interaction of flow with piers causes back flow, which offers a resistance to flow, no back 
flow occurs at downstream face of rear pier 
(c) Slope of scour holes 
(i) Slope of scour hole at upstream face of piers 
The slope of scour holes along the flow direction at the upstream face of front, middle 
and rear piers 'Sifu(f)/Siu(i), Sifu(m)l^iu(i)' and 'Siu(r)l^iu(i)' are plotted against pier spacing 'x/b' 
as shown in Fig. 5.35. As evident from Fig. 5.35, a decrease in front pier scour hole slope 
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'Sifu(fi!^iu(i)', is observed upto pier spacing x/b=30. The reason for this decrease in slope is 
the decrease in the scour depth caused due to the reduction in the remforcing effect on 
front pier. At pier spacing 0>x/b>30, the slope remains fairly constant and is nearly equal 
to that of an isolated pier at pier spacing x/b=90. The upstream slope observed for front 
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Fig. 5.35 Variation of scour hole slope at upstream faces of front, middle and rear piers placed in 
tandem arrangement 'sid(f)/su(i), su,„)/sidoj and sicKr^^m)' with pier spacing V6'(where 
Sifi,(f)l^iu(i)= slope of scour hole at upstream face of front pier, Siju(f)/Siu(i) = slope of scour 
hole at upstream face of middle pier, Siu(r)/^iu(i) = slope of scour hole at upstream face of 
rear pier and Siu(i)= slope of scour hole at upstream face of an isolated pier). 
The slope of scour hole at upstream face of middle pier Sifu(m)l^iu(i) decreases upto pier 
spacing x/b= 25 and then remains invariable beyond this pier spacing. The flow pattern 
between middle and rear piers generated by the interaction of piers and sediment bed with 
the flow approaching to the piers are responsible for this decrease in scour hole slope. 
Beyond pier spacing x/b=25, the flow pattern is insignificantly affected by the mutual 
interaction of piers and thus the slope remains fairly constant upto pier spacing x/b=9Q. 
The slope of scour hole at upstream face of rear pier Siu(r)l^iu(i) decreases upto pier spacing 
x/b=20. The decrease in scour depth and an increase in scour hole length on upstream face 
of rear pier resulted from interaction of approaching flow with the middle and the rear piers, 
is the reason for this decrease in upstream slope of rear pier scour hole. As the scour depth 
and scour hole length variation remains fairly constant beyond pier spacing 20, the 
associated upstream slope of rear pier scour hole remains constant upto pier spacing x/b=90. 
(ii) Slope of scour hole at downstream face of piers 
The slope of scour holes at downstream face of front, middle and rear piers 'Sid(fil^id(i), 
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Fig. 5.36 Variation of scour hole slope at downstream faces of front, middle and rear piers placed 
in tandem arrangement ^Sid(f)l^u(i),, Sid(m)l^id(i) and Sid(r)l^id(i)' with pier spacing 
'x/b '(where Siflu) = slope of scour hole at downstream face of front pier, Sim(u) = slope of 
scour hole at downstream face of middle pier, Sir(u) = slope of scour hole at downstream 
face of rear pier and S/f„,; = slope of scour hole at downstream face of an isolated pier). 
Similar trend is observed in the variation of scour hole slope at downstream faces front, 
middle and rear piers. The slope at downstream face of the three piers decreases upto pier 
spacing x/b=\0 and then increases upto pier spacing x/b=30 and again decreases and 
reaches to a minimum at pier spacing x/b=90. To identify with this variation, refer Fig. 
5.34 where a steep increase in the length of scour hole at downstream face of three piers 
is observed. Fig. 5.34 depicts a decrease in the length of scour hole beyond pier spacing 
x/b=\0 while the slope of scour hole at downstream face of three piers marginally varies 
upto pier spacing x/b=30. As a result, an increase in the slope of the scour holes is 
observed in Fig.5.36. For pier spacings x/b > 30, an increase in the length of scour holes 
as observed in Fig. 5.34 and marginal increase in scour depth at downstream face of three 
piers as observed in Fig 5.37 causes a decrease in slope of scour holes at downstream face 
of front, middle and rear piers. 
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Fig. 5.37 Variation of scour depth at downstream faces of front, middle and rear piers placed in 
tandem arrangement with pier spacing 'x/b '(cm). 
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(iii) Variation of area of scour extent around front, middle and rear piers with pier spacing 
The areal extents of scour around front, middle and rear piers are plotted for varied pier 
spacing "x h' as shown hi Appendix-IV. The areal extents of scour shown around three 
piers in Fig. 5.38 overlap each other at pier spacings x h<30 and are just on the verge of 
separation from each other as the pier spacing x h approaches to 30. 
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Fig.5.38 Areal extant of scour around three piers placed in tandem arrangement at x h=30 
At pier spacing x h=60. Fig. 5.39 shows that the shape and size of the areal extents of 
scour around front, middle and rear piers become considerably similar to that around a 
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Fig. 5.39 Areal extant of scour around three piers placed in tandem arrangement at x h-60 
The areas of scour extent for various pier spacings relative to that of an isolated pier are 
computed and plotted against pier spacing 'x/fo' as shown in Fig.5.40. The relative area of 
scour extent decreases with pier spacing and reaches to a minimum at pier spacing x/b=\5. 
The reason for this decrease is the generation of flow pattern by the strong interaction of 
flow with piers and the sedunent bed between the piers. 
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Fig. 5.40 Variation of area of scour extent around three piers placed in tandem arrangement 
relative to the area of scour extent at an isolated pier 'A/An' with pier spacing 
'x/b '(where Ar = area of extent of scour around three piers, An = area of extent of scour 
around isolated pier) 
However, as the pier spacing 'x/b' increases beyond 15, the flow pattern changes around the 
piers and the area of scour extent increases. At pier spacing x/b^O, the area of scour extent 
around front, middle and rear piers approaches nearly to that of an isolated pier. Fig. P3 shows 
the scour and deposition features developed on the bed around the front, middle and rear piers. 
(iv) Width of scour holes 
In order to analyze the width of scour holes, the lateral profiles of scour are drawn at 
upstream face of front, middle and rear piers across the flume for varying pier spacings 
x/b and are shown in Appendix-Ill. The widths of scour holes at upstream face of front, 
middle and rear piers relative to scour hole width of an isolated pier; V//w,', 'w2/wi', and 
'wj/wi' respectively, are plotted against pier spacing 'x/b' and are shown in Fig 5.41. 
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Fig. 5.41 Spacing versus relative scour hole width 'wi/w,', 'w2/w,' and 'w/w/' at front, middle 
and rear piers placed in tandem arrangement (where w/ W2 and wj = width of scour hole 
of front, middle and rear piers, w, = width of isolated pier). 
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A similarity in Fig.5.31 and Fig. 5.41 is indicative of dependence of scour hole width on 
the scour depth at three piers. 
The width of front pier scour hole vv/Zw, decreases upto pier spacing x/b=30. This 
decrement is caused due to decrement in the scour depth owing to reduction m the 
remforcing effect on front pier. At pier spacing x/b>30, the reinforcing effect diminishes, 
consequent upon which scour depth becomes constant and the width of scour hole 
becomes invariable. 
For middle and rear piers, Fig.5.41 shows a decrease in the widths of scour hole upto pier 
spacing x/b=\5 due to a decrement in scour depth caused by sheltering effect of front pier 
on middle pier and of middle pier on rear pier. Beyond this pier spacing, Fig. 5.41 shows 
an increase in the widths of scour hole 'w2/w,' and 'w/w,' which corresponds to an 
increase in scour depth due to diminishing state of all effects. 
(v) Length of deposition on downstream of front, middle and rear piers 
The lengths of sediment deposition occurring at downstream face of front, middle and 
rear piers are labeled on longitudinal profiles of scour Appendix-II. The length of 
sediment deposition at downstream of three piers relative to that observed at 
downstream face of an isolated pier, 'Lde/Ldep (i)' are plotted against pier spacing 'x/6' 
as shown in Fig. 5.42. 
- o - Downstream face of front pier 
-o-Downstream face of middle pier 
-o-Downstream face of rear pier 
Relative pier spacing 'x/b' 
Fig.5.42 Variation of relative depth of deposition at downstream faces of front, middle and rear 
piers placed in tandem arrangement 'Ldepif/Ldepuh, Ljep(m/Ldep(,) and Ljep(r/Ldep(,)' with 
pier spacing 'x/b '(where Ljep(f)= length of sediment deposition at downstream face of 
front pier, LjepM = length of sediment deposition at downstream face of middle pie 
Ldep(r) = length of sediment deposition at downstream face of rear pier and Ljepfi) = 
length of sediment deposition at downstream face of isolated pier). 
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It is noteworthy that the variation in the length of sediment deposition occurring at 
downstream faces of front and middle piers 'Ldepfj/ Ldepo)', and 'Ldep(m/ Ljepo)' is identical. 
This is due to the sediment deposition affected between front and middle and middle and 
rear piers caused by the interaction of approaching flow with the vortices generated 
around the front and middle piers. However, as no pier exists on downstream of rear pier, 
it is free from such interaction. Fig. 5.42 shows an increase in length of deposition on 
downstream of front and middle piers 'Ljepif/LdepO)' and 'Ldep(m/Ldep(o' upto pier spacing 
x/b^30. Thereafter, it decreases and approaches to that of an isolated pier. Moreover, the 
length of deposition at the downstream face of rear pier 'Ldep(r/Ldep(o' decreases up-to pier 
spacing x/b=25. This is because of the fact that at shorter pier spacing (i.e., x/b<\0), the 
entire bed material scoured from the scour holes of three piers and transported by the 
wake vortices gets deposited on downstream of rear pier and no deposition of sediment 
occurs on downstream of front pier which is evident from Fig. 5.42. However, at pier 
spacing I0<x/b<25, some of the bed material scoured from the scour holes of front and 
middle piers deposits on their downstream side while rest of the bed material deposits on 
downstream of rear pier. At pier spacing x/b>25, the length of sediment deposition 
occurring on downstream of rear pier follows the same variation as observed for front and 
middle piers which indicates that the flow pattern at three piers becomes identical beyond 
pier spacing x/b>25. At pier spacing x/b = 90, the length of sediment deposition occurring 
on downstream of rear pier is nearly equal to that of an isolated pier. 
The photographs shown in Fig.P3 visibly reveal the scour characteristics which are 
analyzed and discussed above. 
5 J.5 Temporal variation of scour depth at front, middle and rear piers 
Appendix-I gives the data collected in present study on temporal variation of scour depth at 
front, middle and rear piers placed in tandem arrangement. The plots of these data (not shovm 
here) reveal that middle and rear piers slowest follow the rate of scouring at rear pier 
respectively. The sheltering effect of front and middle piers and transport of bed material 
scoured from front and middle pier scour holes into the rear pier scour hole causes this 
slowest rate of scouring at rear pier. At larger pier spacings, the piers get relieved from the 
sheltering effect and the bed material scoured from front and middle piers does not reach to 
the rear pier scour hole as a result of which the scour depth ^proaches to equilibrium 
simultaneously at front, middle and rear piers. The scour depth attained for varied pier 
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spacings at a particular time at three piers in tandem arrangement can be obtained by plotting 
the data on temporal variation of scour depth given in Appendix-I. 
5.3.6 Concluding remarks 
The maximum scour depth observed at front pier, is about 11.53% deeper than that of an 
isolated pier while the maximum scour depth at middle pier is about 1.02 % shallower than 
that of an isolated pier and about 15.47% deeper than that at rear pier. Similarly, the 
maximum scour depth at rear pier is less than at middle pier, about 16.5 % shallower than that 
of an isolated pier and 33.56% shallower than at front pier. As the scour depths at middle and 
rear piers are lowest at pier spacing x/b-\5 and also the scour depth at front pier is very close 
to that of an isolated pier, it can be suggested that in the case of three piers tandem 
arrangement the middle pier be placed at clear pier spacing x/b=\5 from front and rear piers. 
5.4 Big Pier at Front and Small Pier at Rear (Le., 66 mm pier at Front and 33 mm 
Pier at Rear) 
5.4.0 Introduction 
In order to analyze the results obtained from present experiments for local scour at two piers 
[66 mm diameter pier {i.e., big pier) at front and 33 mm diameter (i.e.,, small pier)] at rear in 
tandem arrangement, the longitudinal profiles of scour, lateral profile of scour and areal 
extents of scour, are plotted against relative pier spacing 'x/b'. Longitudinal scour profiles 
illustrating the scour depths and length of scour holes are shown in Appendix-II. The lateral 
cross-sections of scour holes are shown in Appendix-Ill and the areal extents of scour 
showing scour hole widths at the piers are shown in Appendix-IV. Some typical cases of 
longitudinal eind areal extent of scour are used for analysis and discussion in this sectioa The 
temporal variation of scour depth is given in Appendix-I. In order to enUghten the scour 
characteristics aroimd 66 mm front and 33 mm rear piers for varied pier spacings, the 
photographs showing the scour and deposition patterns around 66 mm front and 33 mm 
rear piers were taken at the end of each experiment and shown in Fig. P4 & P5. The 
analysis of results achieved from present experiments is presented as under: 
5.4.1 Variation of scour depth along flume length 
To explore the effect of mutual interference of two piers of unequal sizes, e.g., 66 mm pier 
(big pier) at front and 33 mm pier (small pier) at rear in tandem arrangement on local scour. 
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longitudinal profiles of scour are plotted through 66 mm fi-ont and 33 mm rear piers along 
center line of flume in flow direction using the data on scour depth collected in present 
study as shown in Appendix-II. It is noticeable in Fig. 5.43 that the longitudinal profiles of 
scour around 66 mm front and 33 mm rear piers overlie each other upto x/b=70. However, 
due to non approachment of bed material scoured Irom 66 mm front pier scour hole to the 
33 mm rear pier scour hole, longitudinal profiles around 66 mm front and 33 mm rear piers 
start separating from each other at pier spacing x/h=70 which indicates that the two piers 
start getting freed from the effect of mutual interference. 
Fig.5.43 Variation of scour depth along flume length at 66 mm front and 33 mm rear piers 
placed in tandem arrangement at x h-10 
However, at pier spacing x b>70. Fig. 5.44 the longitudinal profiles of 66 mm front and 33 
mm rear piers become identical to that around 66 mm and 33 mm isolated piers 
respectively indicating that the two piers being freed completely from mutual interference. 
Fig. 5.44 Variation of scour depth along flume length at 66 mm front and 33 mm rear piers 
placed in tandem arrangement at x h=SO 
Fig. P4: Scour and deposition patterns around two piers (big pier at 
front and small pier at rear) placed in tandem arrangement at 
varied pier spacings x/b (A) x/b=(i (B) [i & ii] x/b=22 
Fig. P5: Scour and deposition patterns around two piers (big pier at 
front and small pier at rear) placed in tandem arrangement 
at varied pier spacings xA) (C) x^=70 (D) x^=90 
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(a) Scour depth variation at 66 mm front pier 
The variation of relative scour depths at 66 mm front and 33 mm rear piers as compared to 
that at 66 mm isolated pier i.e., 'dsB/dsB(i)' and 'dsh/dsB(i)' with pier spacing x/b is shown 
in Fig. 5.45. It is noteworthy that the scour depths at 66 mm front and 33 mm rear piers at 
pier spacing x/6=0, are about 97 % and 78.5% of the scour depth at 66 mm isolated pier 
respectively. With an increase in pier spacing, the scour depth at 66 mm pier also increases 
and reaches to a maximum value (1.08 times the scour depth at an isolated pier) at x/b= 10. 
Further, at x/b>\Q, the scour depth decreases and approaches to that of 66 mm isolated pier 
at x/b = 90. The scour and deposition patterns around 66 mm diameter isolated pier are 
shown in Fig. PI. 
30 40 50 60 
Relative pier spacing 'x/b' 
Fig. 5.45 Variation of relative scour depth at 66 mm front and 33 mm rear piers 'dss/dsBO)' and 
'dsb/dsB(i)' placed in tandem arrangement with pier spacing 'x/b' (where ds^ = scour 
depth at 66 mm front pier, dsb = scour depth at 33 mm rear pier, dsso) = scour depth at 
66 mm diameter isolated pier). 
The scour depths at nose of 66 mm front pier 'dss' and 33 mm rear pier 'dsb' relative to 
the corresponding quantity for an isolated pier 'dsb(i)' have been plotted against relative 
pier spacing 'x/b' as shown in Fig 5.46, where, 'x' is the clear spacing between 66 mm 
front and 33 mm rear piers along the flume length and ' 6 ' is the diameter of rear pier. 
Fig. 5.46 illustrates that the scour depth at 66 mm front pier at pier spacing x/Z)=0, is 1.67 
tunes of scour depth at 33 mm isolated pier 'dsbn)', With an increase in pier spacing, the 
scour depth at 66 mm pier also increases and reaches to a maximum value (1.86 times the 
scour depth at 33 mm isolated pier) at x/b= 10. Further, at x/h>\0, the scour depth 
decreases and approaches to that of 66 mm isolated pier at x/b = 90. 
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Relative pier spacing 'x/b' 
Fig. 5.46 Variation of relative scour depth at 66 mm front and 33 mm rear piers 'dsi/dsba)' and 
'dsbldsh(i)' placed in tandem arrangement with pier spacing 'x/b' (where dsg = scour 
depth at 66 mm front pier, dst = scour depth at 33 mm rear pier, dst(i) = scour depth at 
33 mm diameter isolated pier). 
In experiments on 66 mm isolated pier, the bed material was observed to be continuously 
lifting fi-om the base of the scour hole by the flow, but the flow was not capable of 
removing this material from the scour hole. However, when 33 mm diameter pier was 
placed at the downstream of 66 mm diameter pier at short spacing, 66 mm front pier 
experienced reinforcing effect due to the presence of 33 mm rear pier and the scour holes 
around both piers overlapped each other and caused the lowering of the bed level at the 
rear side of 66 mm front pier. This lowering of bed resulted in an ease for flow to remove 
the continuously lifting sediment particles from 66 mm front pier scour hole and the scour 
hole around 66 mm front pier increased in depth as compared to the scour depth around 
66 mm isolated pier. 
At pier spacing 0<x/b<\ 0, the increase in scour depth at 66 mm front pier is attributed to 
the reinforcing effect at 66 mm front pier due to the presence of the 33 mm rear pier. As 
shown in Fig. 5.46, the scour depth at 66 mm front pier is maximum at x/b=\0 which 
indicates that the reinforcing effect is maximum at x/b=lO beyond which, the gradual 
reduction in scour depth points towards the reduction in the reinforcing effect. At pier 
spacing x/b=90, the reinforcing effect at 66 mm front pier almost disappeared and the 
scour depth approached to that of 66 mm isolated pier. 
The maxima at x/b=\0, can be explained by the fact that at short pier spacing x/b, 33 mm 
rear pier overlaps and reduces the height of the exit slope of the scour hole around the 66 
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mm front pier consequently, 33 mm rear pier increases the vortex rotation around 66 mm 
front pier in the form of forward interference. 
(b) Scour depth variation at 33 mm rear pier 
Fig 5.46 illustrates the dependence of scour depth at 33 mm rear pier with varying pier 
spacing x/h. At x/h = 0, the scour depth is 1.353 times the scour depth at 33 mm isolated 
pier. Asx/b increases, scour depth decreases and reaches to a minimum (i.e., 0.57 times 
the scour depth at 33 mm isolated pier at x/b=35. This reduction in scour depth is 
attributed first, to the shielding of 33 mm rear pier by 66 mm front due to which a 
reduction in the approach flow velocity for 33 mm rear pier is caused, as a result of which 
the strength of horseshoe vortex and scour depth at 33 mm rear pier gets reduced and 
second, to the deflection of flow caused by the bed material, which gets scoured from 
around 66 mm front pier and deposits at the upstream face of 33 mm rear pier. The 
vortices shedding from 66 mm front pier strike at the 33 mm rear pier reinforces the 
strength of the horseshoe vortex at the base of 33 mm rear pier and results in an increase 
in the scour depth. 
At pier spacing x/b>35, the scour depth at 33 mm rear increases and reaches to that of an 
isolated 33 mm pier at x/b=90. This increment in scour depth is ascribed to the effect of 
shed vortices approaching from 66 mm front pier, which strike the 33 mm rear pier. The 
striking action of these vortices reinforces the strength of horseshoe vortex at 33 mm rear 
pier and results in increased scour depths. 
At pier spacing x/b>35, the sheltering and vortex shedding effects from 66 mm front pier 
almost disappear and the scour depth reaches to that of an isolated 33 mm rear pier at 
x/b=90. 
(c) Scour depth variation between 66 mm front and 33 mm rear piers 
Fig. 5.46 shows the bed level variation between the 66 mm front and 33 mm rear piers. At 
pier spacing, x/b=0, level of the bed between the piers is minimum (dsm is maximum) and 
equal to the level of bed at the base of the 33 mm rear pier scour hole. However, as pier 
spacing increases (upto x/b = 20), bed level also increases as the bed material scoured 
from 66 mm front pier scour hole gets deposited between the piers. At x/6=20, the scour 
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at the upstream face of the 33 mm rear pier is balanced by the sediment deposition from 
the66 mm front pier scour hole and thus, the bed between the piers remains at its original 
level {ds„=0). For spacing x/b>20, idsm<0), the sediment deposition from 66 mm front 
pier scour hole becomes dominant. For these spacings, the reinforcing effect at 66 mm 
front pier becomes weak and disappears completely leading to the development of a 
longitudinal bed profile similar to that of 33 mm isolated pier. 
(d) Scour depth at 33 mm rear pier with respect to 66 mm front pier 
Fig. 5.47 shows the variation of relative scour depth 'dst/dsB', where 'dss' is the scour 
depth at 66 mm front pier and 'dst' is the scour depth at 33 mm rear pier. It can be seen 
that the 'dsi/dsB' decreases as the pier spacing 'x/b' increases and reaches to a minimum 
at x/b=35. 'dst/dsB', then increases and reaches to a value equal to 'dsi/dsbo/ {i.e., relative 
scour depth at 33 mm isolated pier) at x/b= 90. 
The decrease in 'dsb/dse' upto x/b=35 can be attributed to the sheltering effect of 66 mm 
front pier on 33 mm rear pier while the increase in 'dst/dss' at pier spacings x/b=35 to 
x/b=90 can be ascribed to the diminishing state of sheltering effect of 66 mm front pier 
and dominance of vortex shedding effect on 33 mm rear pier caused by the presence of 66 
mm front pier. 
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Fig. 5.47 Variation of scour depth at 33 mm rear pier relative to the scour depth at 66 mm front 
'dsi/dsts' placed in tandem arrangement with pier spacing 'x/b '(where dsi, = scour depth 
at 33 mm pier, dsH= scour depth at 66 mm pier). 
In order to estimate the scour depth, ANN models with details given in Tables 6.1 and 6.2 
(Chapter VI) and ANN architectures shown in Fig.6.13 (Chapter VI), are appHed to the 
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authors experimental data on 66 mm front and 33 mm rear piers placed at varied pier 
spacings x/b. The ANN estimated scour depths are plotted against the observed scour 
depths in scatter grams as shown in Fig. 6.33 (Chapter VI). Table 6.2 (Chapter VI) gives 
average values of correlation coefficient R^ between observed and ANN estimated scour 
depths for 66 mm front and 33 mm rear piers as 0.9685 and 0.9869 and the average rmse 
values for 66 mm front and 3.3 rear piers as 0.863x10"* and 0.4812x10"^ respectively. 
Closeness of the data points to the line of best agreement as shown in scatter grams Fig. 
6.13 (Chapter VI), higher R^ values and lower rmse values indicate the accuracy of ANN 
models in predicting the scour depth at 66 mm front and 33 mm rear piers. 
5.4.2 Scour hole dimensions 
Keeping in mind the importance of scour hole dimensions in determining the extent of 
countermeasures needed to prevent/control scour at piers, various parameters explained as 
under using present experimental data are determined. 
(a) Length of scour holes 
The lengths of scour holes at upstream face of 66 mm front and 33 mm rear piers are 
plotted against pier spacing 'x/b' as shown in Fig.5.48. 
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Fig. 5.48 Variation of relative length of scour holes at upstream faces of 66 mm front pier and 33 mm 
rear piers 'LshJLshu(,)' (where Lshu=length of scour holes at upstream face of 66 mm front 
and 33 mm rear piers, Lshu(,)=\Qn^\\ of scour hole at up stream face of an isolated pier). 
As shown in Fig 5.49, it is observed that upto x/b = 2, no distinction can be made between 



















Distance along flume length (cm) 
Fig. 5.49 Variation of scour depth along flume length at 66 mm front and 33 mm rear piers 
placed in tandem arrangement at A- h=2 
However, at pier spacing x h=4 and onward, separate scour holes form around the two 
piers which can be seen in the Fig. 5.50. 
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Fig. 5.50 Variation of scour depth along flume length at 66 mm front and 33 mm rear piers 
placed in tandem arrangement at .v h=4 
(b) Length of scour holes at upstream face of piers 
As shown in Fig. 5.48, the lengths of scour hole on upstream face of the 66 mm front pier 
are fairly constant except with a little variation upto x/b =\0 which is attributed to the 
reinforcing effect of 33 mm rear pier. 
Referring to Fig.5.56 of section 5.4.2(f) of this chapter for the analysis of variation in the 
length of scour holes, it is evident that the sediment deposition between the piers begins at 
x/b>\S, therefore, level of the bed between 66 mm front pier and 33 mm rear pier remains 
below the original bed level. The level of the brim separating the scour holes of two piers 
remains below the level of the origmal bed upto x/b=\S. The level difference worked out 
between the level of the brim and the sediment bed at downstream face of the 66 mm 
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front pier or upstream face of the 33 mm rear pier determines the scour depth for pier 
spacing x/b<lS. The length of the scour hole downstream of 66 mm front pier is the 
horizontal distance between the downstream face of the 66 mm front pier and the brim of 
the scour holes between two piers. The length of the scour hole upstream of 33 mm rear 
pier is the horizontal distance between the brim between two scour holes between the two 
piers and the upstream face of the 33 mm rear pier. 
The length of scour hole at upstream face of 33 mm rear pier increases upto x/Z)=18, 
thereafter it decreases up-to x/b=35 and from x/b=35 to 60, it remains fairly constant. From 
x/6= 60, the length of scour hole again increases and reaches to that at single pier at x/b=90. 
At shorter pier spacings 33 mm rear pier lies in the wake of 66 mm front pier and the 
scour holes of two piers overlap one another such that a common brim is formed between 
downstream face of 66 mm front pier and upstream face of 33 mm rear pier. When the 
pier spacing increases, 33 mm rear pier lies out of 66 mm front pier wake and the brim 
between the two scour holes migrates towards 66 mm front pier, the size of 33 mm rear 
pier scour hole increases and thus the length of scour hole at upstream face of 33 mm rear 
pier increases. This trend continues upto pier spacing x/b=\S. 
At pier spacing x/b>lS, bed material scoured from 66 mm front pier scour hole starts 
depositing on the bed in front of 33 mm rear pier due to which length of the scour hole at 
upstream face of 33 mm rear pier starts decreasing. This decreasing trend in the length of 
scour hole at upstream face of 33 mm rear pier continues upto x/b=35 and in the process 
some of the bed material deposited on the bed in front of 33 mm rear pier moves along 
with the flow towards downstream, slides down into 33 mm rear pier scour hole and then 
gets flushed out of it towards the downstream of 33 mm rear pier. Between pier spacings 
60<;x/6>35, the input of scovired bed material into 33 mm rear pier scour hole remains 
nearly equal to output of the bed material from 33 mm rear pier scour hole as a result of 
which length of scour hole at upstream face of 33 mm rear pier remains nearly constant. 
At x/b>60, the movement of bed material deposited in front of 33 mm rear pier towards 
downstream of 66 mm front stops short of reaching to 33 mm rear pier scour hole due to 
which the length of the scour hole at upstream face of 33 mm rear pier increases and 
reaches to that of 33 mm isolated pier at pier spacing x/b = 90. 
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(c) Scour hole length on downstream of piers 
The lengths of scour holes at downstream face of 66 mm front and 33 mm rear piers are 
shown in longitudinal profiles in Appendix-II. It is noticed that the parts of scour holes at 
downstream face of 66 mm front pier and upstream face of 33 mm rear pier are not 
identifiable at x/b pier spacing x/b< 2, however, at larger spacings scour holes are easily 
identifiable with a brim formed between them and the variation is shown in Fig. 5.51. 
(d) Scour hole length at downstream face of 66 mm front pier 
At x/b= 0, the length of the scour hole at downstream face of 66 mm front pier is nearly 
same as the scour hole length of 66 mm isolated pier, however, as x/b increases upto 18, 
the scour hole length at downstream face of 66 mm front pier increases and then 
decreases at \S<x/b<90, and reaches to that of 66 mm isolated pier. 
This variation in the length of scour hole at shorter pier spacing 'x/b' can be analyzed as; 
33 mm rear pier shields the wake of 66 mm front pier and results in the overlapping of the 
scour holes. However, as pier spacing increases, shielding of 66 mm front pier wake by 
the 33 mm rear pier is reduced, the overlapping of scour holes gets reduced and thus the 
length of scour hole at downstream face of 66 mm front pier increases upto pier spacing 
x/b=\S. At pier spacing x/b>\S, bed material scoured from 66 mm front pier scour hole 
starts depositing on the bed downstream of big pier due to which the bed level at the 
downstream end of 66 mm front pier scour hole increases, the slope of scour hole 
increases and thus the length of scour hole decreases and reaches to that of 66 mm 
isolated pier at x/b=90. 
' ^ 6 . 6 cm front pier 
o - 3.3 cm rear pier 
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Fig. 5.51 (chart 5) Variation of relative length of scour hole at downstream faces of 66 mm front 
and 33 mm rear piers placed in tandem arrangement 'Lshj/Lshdi,/ with pier spacing 
'x/b' (where, Lshj = Length of scour hole at downstream faces of 66 mm front and 33 
mm rear piers, Lshj^,) = Length of scour hole at downstream face of an isolated pier. 
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(e) Length of scour hole at downstream face of 33 mm rear pier 
Fig. 5.51 shows the lengths of scour hole at downstream face of 33 mm rear pier. At 
x/b=0, the two piers act like a single entity and the scour pattern around two piers at this 
spacing is similar to that of 66 mm isolated pier. 
Between pier spacings 0<x/b<25, the scour hole length at the downstream face of 33 mm 
rear pier decreases. This decrease is attributed to the reduction in scour depth at 33 mm 
rear pier due to the sheltering effect of 66 mm front pier and also due to the sheltering of 
33 mm rear pier by the bed material deposited on the bed upstream of 33 mm rear pier. 
As the pier spacing increases upto x/b=90, the sheltering effect on 33 mm rear pier 
decreases and the effect of shed vortices from 66 mm pier on 33 mm rear pier increases. 
The net effect results in an increased scour depth at 33 mm rear pier and thus larger scour 
hole length. At x/b=90 the length of scour hole at downstream face of 33 mm rear pier 
becomes same as that of 33 mm single pier. 
(f) Variation of area of scour extent with pier spacing 
The areal extents of scour around the 66 mm front and 33 mm rear piers are plotted for 
varied pier spacings 'x/b' as shown in Appendix-IV. It can be noticed in Fig. 5.52 that 
upto pier spacing x b<70, the extent of scour of 66 mm front pier overlaps the scour 
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Fig. 5.52 Area] extent of scour around 66 inm front and 33 mm rear piers placed in tandem 
arrangement at x b=60 
However, areal extents of scour of 66 mm front and 33 mm rear piers tend to gets 
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Fig. 5.53 Areal extent of scour around 66 mm front and 33 mm rear piers placed m tandem 
arrangement at x/b=70 
The areal extents of scour around 66 mm front and 33 mm rear piers become almost similar 
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Fig. 5.54 Areal extent of scour around 66 mm front and 33 mm rear piers placed in tandem 
arrangement at .v h=90 
In order to study the effect of pier spacing on the extent of scour, the areas of scour extent 
are plotted against pier spacing 'x/b' as shown in Fig. 5.55. It can be seen that the area of 
scour extent is minimum at x/b=0, then increases upto pier spacing x/b< 18 and rapidly 
decreases beyond this pier spacing upto x/b<22. Henceforth, the area of scour extent 
around the piers increases rapidly reaching to a maximum at pier spacing x/b= 25. 
Beyond x/b=25, the area of scour extent gradually decreases and as the pier spacing 'x/b' 
reaches to 90, the area of extent of scour around 66 mm front and 33 mm rear piers 
become identical to that of 66 mm and 33 mm isolated piers. The abovementioned 
variation in the area of scour extent is the result of severe interaction of horseshoe 
vortices generating around the piers with the wake vortices of big and small piers. 
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Fig. 5.55 Variation of area of extent of scour around 66 mm front and 33 mm rear pier placed in 
tandem arrangement with pier spacing 'x/h' 
Further observation of Fig. 5.55 reveals that the area of scour extent at pier spacing x/b=0 
is more or less equal to the area of scour extent around 66 mm isolated pier. This clearly 
indicates the presence of 33 mm rear pier at downstream face of 66 mm front pier at 
x/b=() has insignificant effect on area of scour extent. Fig 5.56 shows that upto ;c/6=18, no 
deposition of bed material takes place between the two piers and the total scoured bed 
material is transported and deposited on downstream of 33 mm rear pier and along the 
sides of scour hole due to which length of sediment deposition on downstream of 33 mm 
rear pier remains longer and results in an increase in the area of scour extent. As shown 
in Fig. 5.55, the pier spacing x/b = 22 appears to be critical at which there is steep 
reduction in area of scour extent. It can thus be concluded that the mutual mterference 
effect between the two piers is predominant in the zone 25>x/b>0. 
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Fig. 5.56 Variation of length of sediment deposition at downstream face of 66 mm and 33 mm 
piers placed in tandem arrangement, with pier spacing x/b. 
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The decrease in the area of scour extent between 18<x/&<22 can be attributed to the 
weakening of strength of horseshoe vortex at 33 mm rear pier owing to its interaction 
with the wake vortices of 66 mm front pier thereby making the wake vortices at 33 mm 
rear pier unable to lift and transport the bed material upto longer distance along flume 
length and width. 
Areal extents of scour shown in Appendix-IV show a notable difference in the shape and 
area the scour extents at x/b=lS and x/b=22. At pier spacing 25>x/b>22, it appears that 
the strength of horseshoe vortex and wake vortices at 33 mm rear pier decreases rapidly 
which consequently results in a steep rise in the area of scour extent. At pier spacing 
x/b>25, 33 mm rear pier is presumed to be relatively free from the interference effects of 
66 mm front pier as the area of scour extent after gradually decreasing, approaches nearly 
to that what is observed around 66 mm and 33 mm isolated piers at x/b=90. This clearly 
suggests that the two piers become considerably free from mutual interference. 
(g) Width of scour holes 
In earlier studies (Richardson et ah, 1993), the top width of scour hole at a single pier 
has been found to be a ftmction of scour depth and the angle of repose of the bed 
material. However, present in present study on pier group scour the scour hole width 
has been found to be affected by the presence of another pier placed in the vicinity of 
existing pier also. 
In Fig.5.56 and Appendix-Ill, it is noticed that at Q<x/b<2Q, major amount of bed 
material scoured from around 66 mm front pier gets transported to downstream of 33 
mm rear pier and small amount of it gets deposited along sides of scoured bed 
between two piers. At pier spacing 2Q<x/b<lQ some of the bed material scoured from 
66 mm front pier deposits on the bed on upstream of 33 mm rear pier scour hole while 
some of it deposits on the bed along exterior sides of 33 mm pier scour hole The rest 
amount of scoured bed material moves along with the flow through the 33 mm rear 
pier scour hole towards downstream of the 33 mm rear pier. At pier spacing x/b>70, 
the bed material scoured from 66 mm front pier scour hole stops moving further 
downstream and does not reach the 33 mm rear pier scour hole. As a result, 66 mm 
front pier scour hole gets separated from 33 mm rear pier scour hole. As the pier 
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spacing 'x/b' approaches to 90, the scour holes around 66 mm front and 33 mm rear 
piers become identical to that what are developed around 66 mm and 33 mm isolated 
piers indicating the two piers being freed from mutual interference. 
To study the effect of pier spacing on width of the scour holes, the scour depth 
profiles at upstream face of piers along flume width of are plotted against pier spacing 
'x/b' as shown in Appendix-Ill. The width of scour holes at upstream face of 66 mm 
front pier V/'and at upstream face of 33 mm rear pier V^' are made dimensionless 
with the corresponding quantities Wi(B) and Wi(b) for 66 mm and 33 mm isolated piers 
respectively. 
As shown in Appendix-Ill, the lateral profiles of scour at front face of 66 mm front 
pier resemble a V- shaped section. The average equilibrium slope of scour hole at 
upstream face of 66 mm front pier measures to be 32°, which is same as the angle of 
repose of the bed material. 
The variation of relative widths of scour hole 'w//Wi(B)' and '>vyw,Y»/at 66 mm front and 
33 mm rear pier against pier spacing 'x/b' is shown in Fig. 5.57. It is noticed that, the 
values of'w2/Wi(b)' and 'wi/wi(B)', at x/b=0, are nearly same which essentially indicates the 
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Fig. 5.57 Variation of relative widths of scour hole 'w//w,^ 6j' and 'w2/w,ft,)' at 66 mm front and 33 
mm rear piers placed in tandem arrangement with pier spacing 'x/b' (where wi = width 
of scour hole at upstream face of 66 mm front pier, W2 = scour hole width at upstream 
face of 33 mm rear pier, w,(t)= scour hole width of 33 mm isolated pier). 
Fig.5.57 illustrates the variation of relative scour hole width at 66 mm front pier 'w//w^/ 
with pier spacing x^. A little variation in the width of scour hole of 66 mm front pier 
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'wi/wifB/is observed upto pier spacing x/b<20. This marginal increase in 'wi/wi(B)' at pier 
spacing 18>x/&>0, is attributed to the reinforcing effect induced by the presence of 33 mm 
pier on downstream of 66 mm pier due to which the scour depth at 66 mm front pier increases 
and causes an increase in the width of scour hole at 66 mm front pier. It can be noticed that 
'yvi/m(B)' is fairly constant at pier spacings x/b>22, the reason of which is ascribed to the 
interplay between reinforcing and sheltering effects. However, the relative scour hole width 
'wi/m^/at 33 mm rear pier initially increases upto x/b=l4, decreases afterwards &omx/b=l4 
to 22 and finally increases at 22<x/b^^0. At x/b=90, ^wi/wi(B)' and 'W2/W,YJ/ reach 
approximately to the corresponding quantities for 66 mm and 33 mm isolated piers. 
Comparing Fig. 5.57 and Fig. 5.46 it is clear that the trend of the variation of scour hole 
width and the scour depth at 66 mm front pier is almost alike. This indicates that the 
parameter governing the width of scour hole at upstream face of 66 mm front pier is the 
scour depth, which is in the line as the findings of Richardson et. al., 1993. 
The lateral profiles of scour at the upstream face of 33 mm rear pier are shown in Appendix-
Ill. It is observed that the lateral profiles of scour at upsfream face of 33 mm rear pier 
resemble to a symmetrical compound channel section. Appendix-Hi shows as to how the size 
and shape of the scour hole at small pier changes with increasing pier spacing x/b. The 
increase in scour hole width at the upstream face of 33 mm rear pier at pier spacing 0<x/b<\4, 
can be attributed to the complex flow pattern generated by the mutual interaction of 
horseshoe vortex at 33 mm rear pier with wake vortices of 66 mm front pier. 
During experiments it was observed that at pier spacing x/b<\4, the major amount of bed 
material scoured from 66 mm front pier scour hole was deposited at the downstream face 
of 33 mm pier and very little of it along the sides of 66 mm front pier scour hole., due to 
which the scour hole width at 0<jc/6<14 increases gradually as shown in Fig 5.57 Beyond 
x/b=\4, larger amount of bed material deposits on the bed along the sides of the hole at 
upstream face of 33 mm rear pier which leads to an increase in the bed level of the sides 
of scour hole and hence causes a decrease in the top width of scour hole 'w^'. As revealed 
in Appendix-II, at pier spacing \4<x/b<2Q, the deposition of bed material at the sides of 
scour hole becomes dominant due to which the elevation of the sides scour hole further 
increases and tries to approach to the original bed level causing a reduction in the width 
of the scour hole. It is evident in Appendix-Ill that, upto pier spacing x/6<20, the entire 
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bed between the two piers lies below the original bed level. Furthermore, at x/b>20, the 
bed level at the sides rises above the original bed level causing further decrease in the 
width of scour hole. At this stage the cross section of scour hole assumes the shape as that 
of 66 mm isolated pier scour hole. 
Fig 5.57 shows that at x/b>20 the bed material deposited at upstream face of 33 mm rear 
pier shelters the 33 mm rear pier against the incoming flow which causes reduction in 
effective velocity of flow for 33 mm rear pier. This provides ease in deposition for the 
sediment particles around the 33 mm pier, thereby causing reduction in the scour depth 
and the width of scour hole. Further, the vortices shedding from the 66 mm front pier pass 
away from 33 mm rear pier and do not assist in the scouring process at 33 mm rear pier. 
This diminishing state of vortex shedding effect of 66 mm front pier on 33 mm rear pier 
causes a decrease in the scour depth and width at 33 mm rear pier. 
Appendix-II shows that at x/b>20, the deposition of more and more bed material along 
the edges of middle cross-section of scour hole while maintaining the same side slope, 
causes an increase in the width of 33 mm rear pier scoxor hole. At these spacings, the 33 
mm rear pier is relieved from the interference of 66 mm front pier. As a result of which 
33 mm rear pier attains the same shape and size of scour hole as that what are observed at 
33 mm isolated pier. 
(h) Length of Sediment Deposition 
Fig 5.56 shows as to how the length of sediment deposition on downstream of 33 mm rear 
pier varies with pier spacing x/b. It is observed that at CKxyZKl8, the length of sediment 
deposition increases. Between .!<y&=18 to 22, it decreases and again increases between at 
x/b=22 to 25. Thereafter, it decreases and approaches to that at 33 mm isolated pier at x/b^^. 
The reason for this increase in length of sediment deposition on downstream of 33 mm 
rear pier upto x/b=\i can be attributed to the enhancement in the strength of wake 
vortices emerging from 33 mm rear pier which is caused by the striking action of wake 
vortices of 66 mm front pier. This leads to the transportation and deposition of the entire 
bed material scoured from around 66 mm front pier on the bed downstream of 33 mm rear 
pier upto farther distance. 
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At x/b>lS, the bed material scoured from 66 mm front pier begins to deposit on the bed 
upstream of 33 mm rear pier. This deposited bed material interacts with the flow 
approaching to 33 mm rear pier and causes considerable decrease in the approach flow 
velocity, which provides a relatively still pocket of water upstream of 33 mm rear pier 
and facilitates deposition of sediment. Owing to this, wake vortices at 33 mm rear pier 
become unable to lift and transport the bed material upto longer distance downstream of 
33 mm rear pier and causes a decrease in the length of sediment deposition. As shown in 
Fig 5.56, this effect of sediment deposition dominates upto pier spacing x/b=22. 
Thereafter, the shielding and vortex shedding effects of 66 mm front pier, the shielding 
effect of bed material deposited on the bed upstream of 33 mm rear pier and the effect of 
mutual interaction of wake vortices of 66 mm front pier with horseshoe vortex of 33 mm 
rear pier appear to have such a combined influence that the length of sediment deposition 
increases upto x/b=25. Thereafter, the flow characteristics approach gradually to that for 
33 mm isolated pier and the length of sediment deposition at downstream face of 33 mm 
rear pier tends to reach to that of 33 mm isolated pier at x/b=90. 
Photographs shown m Figs. P4 & P5 evidently reveal the scour characteristics discussed 
above and thus authenticate the analysis of results. 
5.4.3 Temporal variation of scour 
The data collected in this study on temporal variation of scour around 66 mm front and 33 
mm rear piers placed in tandem arrangement are given in Appendix-1. From the plots of 
these data (not shown here), it is noticed that the rate of scouring at 33 mm rear pier lacks 
behind the 66 mm front pier upto pier spacing x/b=70. To ascribe a reason to this 
happening, it is worth to mention that at short pier spacings, the bed material scoured 
from the 66 mm front pier scour hole moves into the scour hole of 33 mm rear pier. As a 
result, the scour depth at the 66 mm front pier approaches to equilibrium earlier than at 
the 33 mm rear pier because flow takes more time to remove the bed material transported 
from the 66 mm front scour hole. Due to sheltermg effect of the 66 mm front pier on 33 
mm rear pier, the rate of scour at 33 mm rear pier remains slower than the rate of scour at 
66 mm front pier. However, at larger pier spacing the bed material from 66 mm front pier 
scour hole does not arrive at the scour hole of 33 mm rear pier and as the sheltering effect 
of 66 mm front pier also vanishes, the scour depths at 33 mm rear piers approaches to 
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equilibrium. The scour depth attained for varied pier spacings at a particular time at 66 
mm front and 33 mm rear piers in tandem arrangement can be obtained by plotting the 
data on temporal variation of scour depth given in Appendix-I. 
5.4.4 Concluding remarks 
The maximum scour depth at 66 mm front pier at pier spacing x/b-0, is observed to be 95 
% of the scour depth at 66 mm isolated pier. At x/b= 10, scour depth increases to a 
maximum value (1.077 times the scour depth at an isolated pier). At x/b>\0, the scorn-
depth decreases and approaches to that of 66 mm isolated pier at x/b = 90. The maximum 
scour depth at 33 mm rear pier is observed to be 1.35 times to that of 33 mm isolated pier. 
It is notable that at x/b >0, scour depth decreases and reaches to a minimum (i.e., 0.57 
tunes the scour depth at 33 mm isolated pier) at x^=35. At pier spacing x/b>35, the scour 
depth at 33 mm rear increases and reaches to that of an isolated 33 mm pier at x/b=90. 
Based on present results obtained on 66 mm front and 33 mm rear piers placed in tandem 
arrangement, it can be suggested that 33 mm rear pier be placed at x/b=35 as the scour 
depth at this pier spacing at 33 mm rear pier is a minimum and also the scour depth at 66 
mm front pier is very close to that of an 66 mm isolated pier. 
5.5 Small Pier at Front and Big Pier at Rear (i.e., 33 mm pier at front and 66 mm 
pier at rear) 
5.5.0 Introduction 
In order to analyze the results obtained in this case of present study on local scour at two 
piers [33 mm pier (small pier) at front and 66 mm pier (big pier) at rear] in tandem 
arrangement, the longitudinal scour profiles, lateral profile of scour hole and areal extents 
of scour are plotted against relative pier spacing 'x/b'. Longitudinal scour profiles 
illustrating the scour depth and length of scour holes are shown in Appendix-II. The 
lateral cross-sections of scour holes are shown in Appendix-Ill. The temporal variation of 
scour depth is given in Appendix-I. 
The areal extents of scour showing scour hole widths at the piers are shown in Appendix-
IV. Some typical cases of these areal extents are considered for the analysis and 
discussion in this section. The photographs showing the scour and deposition patterns 
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around the 33 mm front and 66 mm rear piers were taken at the end of each experiment. 
Photographs for some distinctive cases are shown in Fig. P6 & P7. The analysis is carried 
out under the following heads: 
5.5.1 Variation of scour depth along flume length 
The data on scour depth collected in present study around two unequal sized piers i.e., 
small pier (33 mm pier) at front and big pier (66 mm pier) at rear along center line of 
flume in the direction of flow are plotted for varied pier spacings x/6 and are shown in 
Appendix-11. As illustrated in Fig. 5.58, the longitudinal scour profile through 33 mm 
front pier overlaps with the longitudinal profile through 66 mm rear pier upto pier spacing 
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Fig. 5.58 Variation of scour depth at 33 mm front and 66 mm rear piers placed in tandem 
arrangement at x h= 40 
However, as illustrated in Fig 5.59, these profiles become entirely independent at pier 
spacing x/b>40. 
Fig. 5.59 Variation of scour depth at 33 mm front and 6.6 rear pier placed in tandem arrangement 
at -v h= 50 
Fig. P6: Scour and deposition patterns around two piers (small pier 
at front and big pier at rear) placed in tandem arrangement 
at varied pier spacings x/b (A) x/b=0 (B) x/b=5 
Fig. P7: Scour and deposition patterns around two piers (small pier 
at front and big pier at rear) placed in tandem arrangement 
at varied pier spacings x/b (C) x/6=40 (D) x/2)=50 
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As demonstrated in Fig 5.60, the longitudinal profiles through 33 mm front and 66 mm 
rear piers assume the shape and dimensions as that of isolated 33 mm and 66 mm piers 
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Fig. 5.60 Variation of scour depth at 33 mm front and 6.6 rear pier placed in tandem arrangement 
at -v h= 90 
5.5.2 Variation of scour depth at 33 mm front and 66 mm rear piers with pier 
spacing 
(a) Variation of scour depth at 33 mm front pier 
The scour depth measured at 33 mm front and 66 mm rear piers are made 
dimensionless by dividing it with the scour depth measured at 33 mm isolated pier and 
the same are plotted against longitudinal pier spacing 'x/b' as shown in Fig 5.61, 
where, x is the clear spacing between 33 mm front and 66 mm rear piers and b is the 
diameter of 33 mm front pier. 
Fig.5.61 reveals that at x/b =0, the relative scour depth 'dsi/dsbo)' at 33 mm front pier is 
maximum, which is about 28.5 % more than at 33 mm isolated pier. At x/b ranging 
between 0 and 3, decrement of about 19 % in the scour depth is observed. Beyond x/6=3, 
the value of 'dst/dsbaj' gradually decreases and approaches to that of 33 mm isolated pier 
at pier spacing x/b=90. It is also observed in Fig. 5.61 that, at x/b=0, the relative scour 
depth 'dse/dsBd)' at 66 mm rear pier, is nearly equal to that of 66 mm isolated pier. The 
scour and deposition patterns around 66 mm isolated pier are shown in Fig. PI. 
The maxima in scour depth at x/b=Q indicates the existence of maximum reinforcing effect of 
66 mm rear pier on 33 mm front pier. Substantial decrease in reinforcing effect occurs between 
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Fig. 5.61 Variation of relative scour depth at 33 mm front and 66 mm rear pier and at midway 
between the two piers 'dsi/db(,), dsB/dsbd) and ds„Jdsh(,)' placed in tandem arrangement 
with pier spacing 'x/b '(where dsb=scour depth at 33 mm front pier, dsB= scour depth at 
66 mm rear pier dsb(,) = scour depth at 33 mm isolated pier). 
Thereafter, the reinforcing effect decreases gradually, which causes a gradual decrease in 
this relative scour depth. At x/b=90 the scour depth at 33 mm front pier becomes identical 
that what is observed at 33 mm isolated pier. 
(b) Variation of scour depth at 66 mm rear pier 
Fig. 5.61 depicts the variation of relative scour depth at 66 mm rear pier. It is observed 
that at x/b=0, the relative scour depth at 66 mm rear and 33 mm front piers is almost 
same, however, as compared to the scour depth at 66 mm isolated pier, the scour depth is 
about 23% less at of 66 mm rear pier. Beyond x/b=0, the value of 'dsB/dsta)' decreases 
and reaches to a minimum at x/b=5. Thereafter, the value of 'dsB/dsb(i)' increases and 
reaches to that of 66 mm isolated pier at x/b=90. 
The measured data plotted in Fig. 5.61, outlines that, 33 mm front pier when placed in front 
of 66 mm rear pier at x/b=0, acts like a sacrificial pile due to which the flow gets deflected 
and the velocity of flow approaching to 66 mm rear pier gets retarded thereby causes a 
decrease in the strength of horseshoe vortex around 66 mm rear pier It is noticed that, the 
scour depth around 66 mm rear pier decreases by 23 % at pier spacing x/b=0. The 
maximum reduction in 'dsB/dsb(i)' occurs at pier spacing x/b=5 which clearly indicates the 
existence of maximum sacrificial effect of 33 mm front pier for 66 mm rear pier. At x/b=5, 
the reduction in relative scour depth is about 37%. As the pier spacing 'x/b' increases 
beyond 5, 66 mm rear pier leaves the wake of 33 mm front pier, deflection of flow starts 
reducing and the flow starts approaching to the 66 mm rear due to which 66 mm rear pier 
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starts experiencing lesser sacrificial effect from 33 mm front pier thereby increasing scour 
depth at 66 mm rear pier which reaches to that at 66 mm isolated pier at x/b=90. 
(c) Variation of scour depth between 33 mm front and 66 mm rear pier 
Fig 5.61 shows the bed level variation between the 33 mm front and 66 mm rear piers. At 
x/b=0, the bed level between 33 mm front and 66 mm rear piers is minimum (i.e., scour 
depth, dsm^ is maximum) and equals to the bed level of the base of 66 mm rear pier scour 
hole. Upto pier spacing x/b=lS, bed level between the piers lies below the original bed 
level. At pier spacing x/b >18, the bed level increases as some of the bed material scoured 
from the 33 mm front pier scour hole gets deposited on the bed between the two piers. At 
this pier spacing, the scouring in front of the 66 mm rear pier is balanced by the sediment 
deposition from the 33 mm front pier scour hole and thus, the bed between the piers 
remains at its original level (^5^=0). For spacing X/ZJ>18, {dsm< 0), the deposition of 
sediment on the bed in front of 66 mm rear pier becomes dominant as the strength of 
wake vortices weakens due to reduction in the reinforcing effect at 33 mm front pier and 
due to relatively calm pocket of water prevailing between the piers. At x/b = 90, 33 mm 
front and 66 mm rear piers assume the same longitudinal profiles as those of 33 mm and 
66 mm isolated piers. 
(d) Variation of Scour Depth at 66 mm Rear Pier With Respect to 33 mm Front Pier 
Fig. 5.62 shows the variation m scour depth 'dsg' at 66 mm rear pier with respect to the 
scour depth 'dsb' at 33 mm front pier with pier spacing 'x/b'. 
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Relative pier spacing 'x/b' 
Fig.5.62 Variation of scour depth at 66 mm rear pier relative to the scour depth at 33 mm front 
pier placed in tandem arrangement 'dsp/dsb' with pier spacing 'x/b' (where dsii= scour 
depth at 66 mm rear pier, dsb= scour depth at 33 mm front pier). 
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From Fig. 5.62 it is observed that the relative scour depth 'dss/dsb' increases as the pier 
spacing 'x/b' increases from 0 to 3, and decreases in the range of pier spacing 'x/b' from 3 
to 5 and thereafter increases and reaches to a maximum value at x/b=90. 
The mcrease in 'dse/dsb' at 0<x/b< 2 can be attributed to the reinforcing effect of 66 mm 
rear pier on small pier. The decrease in 'dsg/dsb' from x/b=2 to 6 is due to the dominance 
of sacrificial effect of 33 mm front pier on 66 mm rear pier. The sacrificial effect of 33 
mm front pier starts decreasing beyond x/b=6 as a result of which the value of 'dss/dsb' 
starts increasing, reaching to a maximum at x/b=90. 
For the purpose of scour depth estimation, ANN models with details given in Tables 5.1 
and 6.2 (Chapter VI) and architectures shown in Fig. 6.4 (Chapter VI), are applied to the 
authors experimental data on 33 mm front and 66 mm rear pier in tandem arrangement at 
varied pier spacings. The ANN estimated scour depths are plotted against observed scour 
depths in scatter grams Fig. 6.14 of (Chapter VI.) Closeness of the data points to the line of 
best agreement in these scatter grams, higher values of correlation coefficient R^ and lower 
rmse values indicate the accuracy of ANN models in predicting the scour depth. 
5.5.3 Scour hole dimensions 
Since the knowledge of scour whole dimensions is vital in determining the extent of 
countermeasures needed to prevent/control scour at piers, various parameters explained as 
under using present experimental data are determined. 
(a) Shape of scour hole 
As can be seen shown in Appendix-IV, the shape of scour holes (in plan) developed 
around 33 mm front and 66 mm rear piers resemble to the frustum of an inverted cone 
and the shape of upstream part of scour holes is semi-circular in plan. It is also observed 
that for all pier spacings the lengths of upstream part of scour holes are shorter along the 
flume length as compared to the downstream part. 
(b) Length of scour holes 
The lengths of scour hole at the upstream and downstream faces of 33 mm front and 66 
mm rear piers placed in tandem arrangement are shown in Appendix-IV. It can be 
observed in Appendix-II that for pier spacings 'x/b' ranging from 0 to 2, no clear 
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distinction can be made between the boundaries of downstream part of 33 mm front pier 
and the upstream part of 66 mm rear pier scour holes. 
However, as shown in Appendix-II, at x/b = 3 and beyond, the boundaries get separated 
which is distinctly identified by the common brim formed between the two piers. 
Fig. 5.63 shows the variation of scour hole length at the upstream face of 33 mm front 
pier with varied pier spacing x/b. It is observed that the length of scour hole at upstream 
face of small pier is maximum at pier spacing x/b=0. 
• Upstream face of 6.6 cm rear pier 
Upstream face of 3.3 cm front pier 
30 40 50 60 
Relative pier spacing 'x/b' 
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Fig. 5.63 Variation of length of scour holes at upstream face of 33 mm front and 66 mm rear 
piers placed in tandem arrangement with pier spacing 'x/b'. 
This maxima indicates the existence of large reinforcing effect due to 66 mm rear pier at 
this pier spacing. The length of scour hole at the upstream face decreases upto pier 
spacing x/b= 5. This decreasing trend indicates the weakening of reinforcing effect as pier 
spacing reaches to 5. Beyond x/b=5, the length of scour hole at upstream face of 33 mm 
front pier remains fairly constant which clearly indicates the disappearance of the 
reinforcing effect of 66 mm rear pier. The above justification gains strength by comparing 
Figs. 5.63 and.5.61, which suggest that the scour depth is influenced by the reinforcing 
effect of 66 mm rear pier, in the same way the length of scour hole at the upstream of 66 
mm rear pier is influenced by its reinforcing effect at pier spacings 0<x/b<S. 
Fig. 5.64 depicts the variation in the length of scour hole at the downstream face of 33 
mm front pier with pier spacing x/b. It is observed that the length of scour hole on 
downstream of small pier increases with an increase in pier spacing and reaches to a 
maximum at x/b=4Q. Thereafter, it gradually decreases and approaches to that of an 33 
mm isolated pier at x/b=9Q. 
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- Downstream face of 3.3 cm front pier 
- Downstream face of 6.6 cm rear pier 
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Relative pier spacing 'x/b' 
90 
Fig. 5.64 Variation of length of scour holes at downstream faces of 33 mm front and 66 mm rear 
piers placed in tandem arrangement with pier spacing 'x/h'. 
It is evident from Fig. 5.61 and Appendix-II that the sediment deposition on the bed 
between the two piers begins at x/6>40, and therefore, bed level lies below the original 
bed level (dsm>0) upto x/b=40. The downstream part of scour hole of 33 mm front pier 
and the upstream part of scour hole of 66 mm rear pier are demarcated by a brim which 
lies below the original bed level upto x/b=40. To estimate the scour hole length, level 
difference between the brim and sediment bed at downstream face of the 33 mm front 
pier or upstream face of the 66 mm rear pier determines the scour depth for pier spacing 
x/b<40. The length of the scour hole at downstream face of 33 mm front pier is the 
horizontal distance between the downstream face of the 33 mm front pier and the brim 
formed between the two scour holes. 
For pier spacing x/b<2, independent horseshoe vortices around two piers are not 
developed, as a result of which the scour holes between the piers are not distinguishable. 
However, at pier spacing x/b>2, independent horseshoe vortices around piers are formed 
which results in the formation of a brim between the piers which makes it possible to 
distinguish the downstream part of 33 mm front pier and upstream part of 66 mm rear pier 
scour holes. 
Since the wake of 33 mm front pier gets interrupted due to the presence of 66 mm rear 
pier, the length of scour hole downstream of 33 mm front pier remains shorter at shorter 
pier spacings. However, as the pier spacing increases, interference of wake of 33 mm 
front pier by 66 mm rear pier gets reduced as a result of which the brim migrates towards 
66 mm rear pier and length of scour hole at downstream face of 33 mm front pier 
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increases. At x/b=40, the wake of the 33 mm front pier gets completely freed from 66 mm 
rear pier interference and a fiilly developed downstream part of 33 mm front pier scour 
hole is formed. The scour hole length at the downstream face of small pier is maximum at 
x/b-40, after which a marginal decrease in scour hole length occurs which can be 
attributed to the flow pattern developed between the piers. 
As shown in Appendix-II, the length of the scour hole at the upstream face of 66 mm rear 
pier is the horizontal distance between the brim and the upstream face of the 66 mm rear 
pier. Fig. 5.63 depicts the variation in the scour holes length at upstream face of 66 mm 
rear pier with pier spacing 'x/b'. Fig.5.63 reveals that as the pier spacing increases, the 
length of scour hole increases and reaches to a maximum at x/b=40. Thereafter, it 
decreases and reaches close to that of an isolated 66 mm rear pier at x/b=90. 
As shown in Appendix-II, upto x/b<2, no distinction can be made between downstream 
part of scour hole of 33 mm front and upstream part of scour hole of 66 mm rear pier. 
However, at pier spacing x/b>3, these can be clearly identified. At short pier spacing x/b, 
upstream part of 66 mm rear pier scour hole is influenced by the wake of the 33 mm front 
pier. As the pier spacmg ^x/b' increases (i.e., x/b>40), the influences of 33 mm front pier 
wake on the 66 mm rear pier decreases. As shown in Appendix-II, the influence of 33 mm 
front pier disappears completely at pier spacing x/b=40. As a result of this, the length of 
scour hole at upstream face of 66 mm rear pier increases upto pier spacing x/b=40. As 
evident from Fig 5.65, the deposition of bed material which is scoured from 33 mm front 
pier scour hole, begins on upstream of 66 mm rear pier at pier spacing x/b>40. The 
deposition of this bed material on the bed upstream of 66 mm rear pier increases the slope 
of upstream part of 66 mm rear pier scour hole hence results in decrease of the length of 
scour hole at upstream face of 66 mm rear pier. 
The length of scour hole at downstream face of 66 mm rear pier decreases and reaches to 
a minimum at x/b=2, and then, it increases and reaches to of an isolated 66 mm that at 
single pier at x/b=90. The comparison of Fig. 5.61 and Fig. 5.64 shows similar trend of 
variation in the scour depth and scour holes length at downstream face of 66 mm rear pier 
with pier spacing x/b. This similarity in trends indicates the scour holes length at 
downstream face of 66 mm rear pier to be a function of scour depth. The flow 
approaching to 66 mm rear pier carries some of the bed material deposited at upstream 
176 
end of 66 mm rear pier into the 66 mm rear pier scour hole and then to the downstream 
of 66 mm rear pier where it gets deposited. As a result, the bed level on downstream of 66 
mm rear pier increases and the length of scour at downstream face of hole of 66 mm rear 
pier decreases. 
(c) Deposition of sediment at downstream face of 33 mm front and 66 mm rear pier 
(i) Length of sediment deposition at downstream face of 33 mm front pier 
Fig.5.65 depicts the variation in the length of sediment deposition at the downstream face 
of piers with pier spacing 'x/b\ It is observed that at pier spacings x/b<\6, intensive 
interaction of flow with the sediment bed and the piers is generated. As the pier spacing 
x/b increases beyond 16, the turbulence in the flow between the piers dampens due to 
which the bed material scoured from 33 mm front pier scour hole begins to deposit on the 
bed downstream of 33 mm front pier. As a result of this the length of sediment deposition 
at the downstream face of 33 mm front pier increases and reaches to a maximum at pier 
spacing x/b=40. 
- Downstream face of 3.3 cm front pier 
- Downstream face of 6.6 cm rear pier 
Relative pier spacing 'x/b' 
Fig. 5.65 Variation of length of sediment deposition at downstream face of 33 mm front and 66 
mm rear pier placed in tandem arrangement with pier spacing 'x/b'. 
At pier spacing x/b>40, the length of sediment deposition decreases and approaches to 
that of 33 mm isolated pier at pier spacing x/b=90. The maxima in length of sediment 
deposition at pier spacing x/b=40 indicates the critical spacing beyond which the wake of 
33 mm front pier begins to be relieved freed from the interference of 66 mm rear pier. At 
pier spacing x/b>40, the bed material deposited on the bed on upstream of 66 mm rear 
pier scour hole, slides down into the 66 mm rear pier scour hole and, then moves out of it 
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and gets transported by the incoming flow towards downstream of 66 mm rear pier and 
thus results in a reduction in the length of sediment deposition. 
At X h>50, as illustrated in Fig. 5.66, the longitudinal scour profiles through 33 mm front 
and 66 mm rear pier get alienated from one another. 
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Fig. 5.66 Areal extent of scour around 33 mm front and 66 mm rear piers placed in tandem 
arrangement at x h=50 
(ii) Length of sediment deposition at downstream face of 66 mm rear pier 
The variation in the length of sediment deposition at downstream face of 66 mm rear pier 
with pier spacing 'x/b' is shown in Fig. 5.65 It is observed that at x/b<\, the length of 
sediment deposition is less than the length of deposition on downstream of 66 mm isolated 
pier. To ascribe a reason for the length of sediment deposition being less, it is understood 
that the presence of 33 mm pier at front resuhs in the deflection of flow which causes flow 
interaction with the sediment bed to become weak, incapable of carrying the sediment 
llirther downstream. In addition to this, the presence of 33 mm pier at front of 66 mm rear 
pier causes reduction in the strength of horseshoe vortex around 66 mm rear pier. As shown 
in Fig. 5.65, at pier spacing x/b=2, the length of sediment deposition is observed to be 
minimum. This minima reflects the effect of deflection of flow by 33 mm front pier being 
maximum at x/b=2. At pier spacing x/b>2, the length of sediment deposition after abruptly 
rising reaches to a maximum at pier spacing x/b=40. This increase in the length of sediment 
deposition indicates the initiation of reduction in the effect of deflection of flow. At pier 
spacing x/b>40, the length of sediment deposition gradually decreases until the wake of 66 
mm rear pier gets flilly developed at pier spacing x/b=90. 
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(d) Width of scour holes 
For interpreting the effect of pier spacing on the width of scour holes, the scour hole width 
of 33 mm front and 66 mm rear piers with respect to the corresponding widths of isolated 
pier scour holes 'wi/wb(i)' and 'w2/wb(i)' are plotted in Fig. 5.67. 
-3.3 cm front pier 
-6.6 cm rear pier 
30 40 50 60 70 80 90 
Relative pier spacing 'x/b' 
Fig. 5.67 Variation of relative width of scour holes at 33 mm front and 66 mm rear piers placed 
in tandem arrangement 'wi/wt,(,j and Ww,^ *;' with pier spacing 'x/b' (where wj = width 
of scour hole of 33 mm front pier, wi,(i) = width of scour hole of 33 mm isolated pier, W2 
= width of scour hole 6.6 rear cm pier and WB(I) = width of 66 mm isolated pier). 
The similarity in the variation of relative width of scour holes (Fig. 5.67) and the scour 
depth around the two piers (Fig. 5.61) suggest the width of scour holes bemg the 
fiinction of scour depth which is also reported by Richardson et. al. (1993). 
(e) Slope of scour holes 
Appendix-11 shows that that at pier spacings 'x/b' upto 2, the demarcation between 
downstream part of scour hole of 33 mm front and upstream part of scour hole of 66 mm 
rear is not identifiable. The variation in longitudinal slope of scour holes at upstream face of 
33 mm front and 66 mm rear piers with pier spacing 'x/b' is shown in Fig. 5.68. It can be 
noticed that for 33 mm front pier this variation is fairly constant except at pier spacing 
x/b=lO, which is attributed to reinforcing effect of 66 mm rear pier. Fig. 5.68 shows a steep 
rise in the slope for 66 mm rear pier, at pier spacing 3<x/b<^. On fiirther increasing the pier 
spacing, the slope decreases and approaches to a value, which is nearly equal to the angle of 
repose of bed the material (i.e., 32°). This variation is ascribed to the complex variation in 
the flow pattern occurring between the piers due to the interaction of 33 mm front pier wake 
and shed vortices with the horseshoe vortex at the 66 mm rear pier. 
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Fig.5.69 shows steep reduction in slope for downstream part of 33 mm front pier scour 
hole at pier spacing 3<x/b<\2 and this variation remams fairly constant upto pier spacing 







3.3 cm front pier 
6.6 cm rear pier 
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Relative pier spacing 'xlb' 
90 
Fig. 5.68 Variation of relative slopes of scour holes at upstream face of 33 mm front and 66 mm 
rear piers placed in tandem arrangement 'S/u(fi/S/u(i,j and S/u/r/ /Siu(b,)' with pier spacing 
'x/b' (where Si^^ = slope of scour hole at upstream face of 33 mm front pier, Siu(r) = 
slope of scour hole at upstream face of 66 mm rear pier, Siu(bi) = slope of scour hole at 
upstream face of 33 mm isolated pier, SIU(BI) = slope of scour hole at upstream face of 66 
mm isolated pier). 
An increasing trend in the values of the upstream slope of 66 mm rear pier scour hole in 
the range of pier spacings 0<Jc/Z»<3 can he seen in Fig. 5.68, after which the slope remains 
invariable upto pier spacing x/b=90. 
3.3 cm front pier 
6.6 cm rear pier 
30 40 50 60 
Relaive pier spacing 'x/b' 
3 
70 
Fig. 5.69 Variation of relative slopes of scour holes at upstream face of 33 mm front and 66 mm 
rear piers 'Sid^/Sufbi) and Sid(r) /Su^bi)' with pier spacing 'x/b' (where Su^j) = slope of scour 
hole at upstream face of 33 mm front pier, Sid,rr slope of scour hole at upstream face of 
66 mm rear pier, Sid(b,) = slope of scour hole at upstream face of 33 mm isolated pier, 
Sid(Bi)~ slope of scour hole at upstream face of 66 mm isolated pier). 
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(f) Variation of area of scour extent with pier spacing 
Appendix-IV shows the areal extents of scour around 33 mm front and 66 mm 
rear piers in tandem arrangement for varied pier spacings 'x/b'. A scrutiny of the 
Appendix-IV reveals that the areal extents of scour around the piers overlap one 
another upto x/b=40. Beyond this pier spacing areal extents of scour around piers 
become independent. As the pier spacing 'x/b' approaches to 90, the shape and 
size of areal extents of scour around 33 mm front and 66 mm rear piers become 
similar to that around isolated 33 mm and 66 mm piers respectively. The areas of 
scour extents around 33 mm front and 66 mm rear piers are plotted against pier 
spacing 'x/b' as shown in Fig. 5.70 The area of scour extent is observed to be in a 
decreasing trend between the pier spacing x/b=Q to 1. This effect is demonstrated 
experimentally such that 33 mm front pier deflects the flow laterally due to 
which the bed material scoured from the scour hole moves on the bed across the 
flow and does not get deposited over the larger length. At pier spacing x/b>l, the 
area of the extent of scour increases and reaches to a maximum at pier spacing 
x/b=40. This increase indicates the gradual decrease in sacrificial effect of 33 
mm front pier due to which the bed material scoured from scour holes begins to 
deposit on the bed along the channel length. 
16000 
20 30 40 50 60 
Relative pier spacung 'x/b' 
70 90 
Fig. 5.70 Variation of area of extent of scour around 33 mm front and 66 mm rear 
piers placed in tandem arrangement with pier spacing 'x/b'. 
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The decrease in the area of scour extent at pier spacings x/b>40, is due to the fact that the 
bed material between the piers deposits due to the presence of relatively calm and quite 
pocket of water in the wake of 33 mm front pier. 
Photographs shown in Fig. P6 & P7 substantiate the interpretation of results on scour 
characteristics discussed above. 
5.5.4 Temporal variation of scour 
The data collected in this study on temporal variation of scour around 33 mm front 
and 66 mm rear piers placed in tandem arrangement are given in Appendix-I. From 
the plots of these data (not shown here), it is noticed that the rate of scouring at 66 
mm rear pier lacks behind the 33 mm front pier up-to pier spacing x/b= 70. To ascribe 
a reason to this happening, it is worth mentioning that at short pier spacings, the bed 
material scoured from the 33 mm front pier scour hole moves into the scour hole of 
6.6cm rear pier. As a result, the scour depth at the 33 mm front pier approaches to 
equilibrium earlier than at the 66 mm rear pier because flow takes more time to 
remove the bed material transported from the 33 mm front scour hole. Due to 
sheltering effect of the 33 mm front pier on 66 mm rear pier, the scour depth at 6.6cm 
rear pier remains smaller than the scour depth at 33 mm front pier. However, at larger 
pier spacing the bed material from 33 mm front pier scour hole does not reach to the 
scour hole of 66 mm rear pier and sheltering effect of 33 mm front pier also vanishes, 
the scour depths at 33 mm front and 66 mm rear piers approaches to equilibrium 
simultaneously. The scour depth attained for varied pier spacings at a particular time 
at 33 mm front and 66 mm rear piers in tandem arrangement can be obtained by 
plotting the data on temporal variation of scour depth given in Appendix-I. 
5.5.5 Concluding remarks 
At 0<;x/Z><5, the scour depth considerably reduces at 66 mm rear pier. It can thus be 
argued that 33 mm front pier acts like a sacrificial pile for 66 mm rear pier. The scorn-
depth at 33 mm front pier at pier spacing x/b=0 is observed to be maximum, however at 
x/b='5, the scour depth considerably reduces. Therefore, it is suggested that 66 mm rear 
pier be placed at x/b=5 from 33 mm front pier to achieve better economy. 
182 
5.6 Lateral Pier Arrangement 
5.6.0 Introduction 
To analyze the results obtained from present experiments on two piers of same size 
placed at right angles to the flow with varying lateral pier spacing 7/6, the longitudinal 
profiles of scour, areal extents of scour, lateral profiles of scour and temporal profile of 
scour are plotted as shown in Appendix-II, Appendix-Ill and Appendix-IV respectively. 
Some distinctive cases of longitudinal profiles and areal extent of scour are used in this 
section for analysis and discussion. In order to have an insight into the characteristics of 
scour around laterally placed piers, the photographs showing the scour and deposition 
patterns around the piers are taken at the end of the tests and shown in Fig. P8. 
5.6.1 Variation of scour depth along flume length 
The data on scour depth collected in present study along the length of flume are plotted 
for varied lateral pier spacings 'ZJh' as shown in Appendix-II. It can be seen in Fig. 5.71 
that the longitudmal profiles around two piers become considerably similar in size and 
shape signifying that the two piers start getting freed from the effect of mutual 
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Fig.5.71 Variation of scour depth at piers placed in lateral arrangeinent at Z,, h= 1 
5.6.2 Variation of scour depth at front faces of piers 
During experiments it was observed that both piers scoured to the same depth (± 3mm). 
Therefore, the maximum scour depths observed at two piers are averaged and plotted 
against lateral pier spacing 'Zc/b' as shown in Fig. 5.72. 
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Fig. P13: Scour and deposition patterns around two piers aligned 
at constant radial spacing and varying angles of attack a 
(A) a=0° (B) a=45° 
Fig. P14: Scour and deposition patterns around two piers aligned 
at constant radial spacing and varying angles of attack a 
(C) a=75° (D) a=90° 
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Relative lateral pier spacing 'Zc/b' 
Fig.5.72 Variation of relative scour depth at piers placed in lateral arrangement 'dsj/ds,' with pier 
spacing Zc/b (where dsi = scour depth at lateral piers, ds,= scour depth at an isolated pier). 
The maximum scour depth at two piers having their Une of centres at 90° to the approach 
flow is sensitive to the lateral spacing 'Z</ft' between them. At small lateral pier spacing 
'Zc/b', the inner arms of horseshoe vortices between two piers are compressed due to 
which the flow between the two piers gets accelerated and the strength of horseshoe 
vortices at two piers increases. This increase in the strength of horseshoe vortex causes an 
increase in the scour depth. When the pier spacing increases, the compression of 
horseshoe vortices between the two piers reduces and leads to a decrease in scour depth. 
Appendix-II depicts the longitudinal scour profiles showing the maximum scour depth, 
length of scour holes and length of deposition. 
The relative scour depth 'dsi/dst' observed at the upstream face of two piers are plotted 
against relative lateral pier spacing 'Z/b' as shown in. Fig.5.72. 
It is worth mentioning that when the two piers are placed at lateral pier spacing Zc/b=0, 
the scour depth dsi is about 1.95 time's dsj. This is in accordance with the concept of 
scour depth being proportional to the frontal width of the pier. The scour depth reduces 
rapidly with piers separation and reaches to about 1.21 (i.e., 'dsi' about 21% more than 
'dsi') at lateral pier spacing Z</6=1. The reason for this scour depth being more at Z/6=l 
is the increase in the strength of horseshoe vortex caused by the compression of inner 
limbs of horseshoe vortices between the two piers. As the pier spacing Zc/b increases, the 
effect of compression of horseshoe vortices reduces. Thereafter, the scour depth reduces 
gradually and reaches to that of an isolated pier at lateral pier spacing Zc/b=^. 
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The scour depths observed at the nose of piers relative to the front width of piers ''ds/2b' 
are plotted against lateral pier spacing 'Zt/b' as shown in Fig. 5.73. 
0 1 2 3 4 5 6 7 8 
Relative lateral pier spacing 'Zc/b' 
Fig. 5.73 Variation of scour depth at piers placed in lateral arrangement relative to the pier width 
'dsi/b' with pier spacing 'Zc/b' (where dsi, = scour depth at lateral piers, b= pier 
diameter). 
It can be noticed that the value of 'ds/2b' at pier spacing Zc/b=0 is about 2.03 times of that 
observed at an isolated pier. It is noteworthy that the value of 'ds/2b' rapidly reduces to 
1.26 as lateral pier spacing Z/b approaches to 1. This decrease in the value of 'dsi/dsj' 
occurs due to decrease in frontal width. Beyond Zc/b=l, the value of 'dsi/dst' gradually 
decreases and reaches very near to unity. This decrease in the values of 'dsi/dst' with pier 
spacing 'Z/b' is due to reduction in the effect of compression of horseshoe vortices 
between the piers. 
To accomplish the task of modeling, ANN models the details of which are given in 
Tables 6.1 and 6.2 (Chapter VI) and ANN architectures Fig.6.5 (Chapter VI), are applied 
to authors experimental data collected on two piers placed in lateral arrangement at varied 
lateral pier spacings Zc/b to estimate the scour depth at two piers. Scatter grams plotted 
between ANN estimated and observed scour depths are shown in Fig. 6.15 (Chapter VI). 
The values of correlation coefficient R^ and rmse between observed and ANN estimated 
scour depth are given in Table 6.2 (Chapter VI). The closeness of the data points to the 
line of best agreement shown in scatter grams indicates that ANN models produce 
excellent estimates of scour depth. The lower rmse values also signify the predictive 
ability of ANN models. 
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5.6.3 Scour hole characteristics 
It was experimentally observed that the flow accelerated between the piers placed at right 
angles to flow at shorter pier spacings 'Zc/h' which resulted in an increase in the strength 
of horseshoe vortices at two piers. As a result of this the scour depth increased for same 
flow, sediment and pier conditions. The characteristics of scour hole vary with the 
variation in lateral pier spacing 'Zc/h'. The analysis of important characteristics of scour 
holes like, length and slope of scour holes at the upstream and downstream face of piers, 
length of sediment deposition at downstream face of piers, width of scour holes and areal 
extent of scour are discussed in the successive sections. 
Since the knowledge of scour holes dimensions is imperative in determining the extent of 
countermeasures needed to prevent/control scour at piers, various parameters explained as 
under using present experimental data are determined. 
(a) Length of scour holes 
The length of scour holes measured at the upstream and downstream face of two piers 
relative to that of an isolated pier are plotted against lateral pier spacing 'Zc/b', as shown 
in Figs. 5.74 and Fig. 5.75. 
(b) Length of scour hole at upstream faces of piers 
The relative lengths of scour hole at upstream face of piers 'Lshufi/LshuO)' are plotted 
against lateral pier spacing 'Zc/b' as shown in Fig. 5.74. 
3 4 5 
Lateral pier spacing 'Zj/b' 
Fig.5.74 Variation of relative length of scour holes at upstream faces of piers placed in lateral 
arrangement 'Lshua/Lshuo)' with pier spacing 'Z^/b '(where Lshu(L) = length of scour hole at 
upstream face of lateral piers, L,hu(,) = length of scour hole at upstream face of an isolated pier). 
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It is observed that the length of scour hole at upstream face of piers 'Lshu(L)' at lateral pier 
spacing Z/d=0, is about 1.68 times more, than at an isolated pier. This increment occurs 
due to more frontal width of piers at Zc/b=0. As the pier spacing Z^/b increases, frontal 
width decreases due to gap created between two piers as a result of which 'LSH ufi/LshuO)' 
decreases and a decrement of about 63.6 % is noticed at lateral pier spacing Zc/b=3. 
Thereafter, a gradual decrease in the length of scour hole 'Lshufi/Lshud)' is observed. This 
decrease is caused due to the reduction in the effect of compression of horseshoe vortices 
at piers with increasing pier spacing Zc/b. The values of 'Lshufi/Lshufi)' gradually reaches 
close to unity at lateral pier spacing Z/6=8, which indicates the disappearance of effect of 
mutual interference between the piers. 
(c) Length of scour hole at downstream faces of piers 
The relative length of scour holes at the upstream face of piers eire plotted against lateral 
pier spacing 'Zc/b' as shown in Fig. 5.75. 
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Fig. 5.75 Variation of relative length of scour holes at downstream faces of piers placed in lateral 
arrangement 'LsMfL/Lshdo)' with pier spacing 'Z^b' (where Lshj(L) = Length of scour hole 
at downstream face of lateral piers, Lshjo) = length of scour hole at downstream face of 
an isolated pier). 
Fig. 5.75 reveals that the length of scour hole 'Lshd(L)' at lateral pier spacing Zc/b=0, is 
about 1.51 times more than what is observed at an isolated pier. This increment in the 
value of 'Lshdd/Lshdd)' occurs due to more frontal width of piers at Zc/b=0. As the pier 
spacing Zc/b increases, separation of piers causes a decrease in the value of 'Lshda/Lshdo)' 
and a decrement of about 42.6% in the value of 'Lshd(L/Lshd(i)' is noticed at lateral pier 
spacing Zc/b=2>. As pier spacing Zc/b further increase, the increment in the pier spacing 
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ZJh causes a reduction in the effect of compression of horseshoe vortices between the 
two piers which consequently causes a decrease in the value of 'Lshd(L/Lsh ddj '• At lateral 
pier spacing Z/6=8, the value of 'Lshd(L/Lshd(i)' approaches to unity which suggests the 
disappearance of the effect of compression of horseshoe vortices between the two piers. 
(d) Slope of scour holes 
(i) Slope of scour holes at upstream faces of piers 
The slope of scour holes observed at the upstream face of two piers relative to the slope 
observed at upstream face of an isolated pier 'Siufi/Siufo' are plotted against lateral pier 
spacing 'Z/b' as shovsoi in Fig. 5.76. At 7/6=0, frontal width of piers is more, therefore, 
the size of scour hole is more, however, increase in length of scour hole is not 
proportional to the increase in the scour depth. As a resuh, higher value of 'SIU(L/ Siufi)' 
can be seen in Fig. 5.76 at Z/6 =0. As the pier spacing Z/b increases, frontal width 
decreases due to separation of piers. 
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Fig. 5.76 Variation of relative slopes of scour holes at upstream face of piers placed in lateral 
arrangement 'Siu(i,/Siu(„' with pier spacing 'ZJb' (where SIU(L) = slope of scour hole at 
upstream face of lateral piers, 5'/„^ ,; = slope of scour hole at upstream face of an isolated pier). 
With further increase in pier spacing Z</6, the slope 'S/ufi/SiuO)' approaches to unity which 
is a pointer towards the state of two piers being free from mutual interference. 
(ii) Slope of scour holes at downstream faces of piers 
Fig. 5.77 shows the relative slope of scour holes at the downstream face of two piers 
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Fig. 5.77 Variation of slope of scour holes at downstream face of piers placed in lateral arrangement 
'Sij(i/Siuf,)' spacing with pier spacing Z/h (where Sua) ~ slope of scour hole at downstream 
face of lateral piers, Su(ij = slope of scour hole at downstream face of an isolated pier). 
At shorter values of Z/b, inner arms of horseshoe vortices at downstream faces of two 
piers are compressed as a result of which the flow is accelerated between the piers and 
causes increased scour depths to occur, however, as shown in Figs.5.72 and 5.75, this 
increment in scour depth is not in proportion to the increase in the length of scour hole. 
Consequently, increased values of 'Sid(L/Sid(i)'at pier spacing ZJh=2 are resulted. 
However, as noticed in Fig. 5.77, at pier spacings ZJh^iL, the of slope of scour holes at 
the downstream face of piers is close to that observed at an isolated pier which indicates 
the diminishing state of mutual interference effect of piers. 
(e) Variation of area of scour extents with pier spacing 
The areal extents of scour around the two laterally placed piers are plotted for varied pier 
spacings ' 7 /6 ' and shown in Appendix-I. It can be seen in Fig. 5.78 that the areal extents 
of scour around the two piers overlap each other upto pier spacing Zc h=6. 
Flow. 
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Fig. 5.78 Areal extent of scour around the piers placed in lateral arrangement at Z,- 6=6 
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Fig. 5.79 Areal extent of scour around the piers placed in lateral arrangement at Zc b-1 
However, at pier spacing Z<y6=8, as illustrated in Fig. 5.80, the areal extents of scour get 
completely separated from each other and become similar in shape and size to that around 
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• Lateral pier 
Fig.5.80 Areal extent of scour around the piers placed in lateral arrangement at Z,. 6=8 
The areas of scour extents around the lateral piers estimated from the plots of area! extent 
of scour Appendix-IV are divided by twice the area of scour extent estimated for an 
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isolated pier to obtain the relative areas of the scour extent 'A/2Ai' and the same are 
plotted against lateral pier spacing 'Zt/b' as shown in Fig.5.81. 
3 4 5 
Relative lateral pier spacing 'ZJb' 
Fig. 5.81 Variation of relative area of scour extent around two piers placed in lateral arrangement 
'Ai/2A,' with pier spacing Z^b (where At = area of scour extent around the lateral piers, 
A, = area of scour extent around an isolated pier). 
It is noticed that the value of Ai/lAt' is maximum at pier spacing Zc/&=0. This maxima 
occurs, since, as the frontal width of piers at this pier spacing is twice that of an isolated 
pier. At Zcfh=\, a rapid decrease of 65.55 % in the value of AJlAi' is observed. 
Appendix-IV shows a remarkable difference between the areal extents of scour at pier 
spacing Z/6=0 and Zc/b>Q; which is because of entirely different flow mechanism at 
these pier spacings. 
At lateral pier spacing Zc/?;=1,2,3,4 and 5, the values of areas of scour extent'A[/2Ai' are 
about 38.5%, 18%, 13.45,10% and 5.4% times more than that at an isolated pier. The values 
of areas of scour extent 'Ai/2Ai' gradually decrease and reach close to that at an isolated pier 
at lateral pier spacing Z/b=S. When the pier spacing between two piers Z/b increases beyond 
1, the flow pattem around two piers become similar to around an isolated pier due to which 
area of scour extent 'A[/2Ai' decreases and approaches to that of an isolated pier. 
(f) Width of scour holes 
The top wddth of scour hole 'Wi' at two lateral piers is the horizontal distance between the 
outer edges of the scour hole measured along flume width across the noses of two piers. 
The top width of scour hole of a single pier can be estimated from the relationship of 
Richardson e( al. 1993, (refer Chapter II) therefore, top widths V i ' are divided by twice 
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the top width of an isolated pier to obtain the relative width ^L/JWU which are plotted 
against relative pier spacing ZJh as shown in Fig. 5.82. 
1.05 
3 4 5 6 
Realtive lateral pier spacing 'Zc/b' 
Fig.5.82 5.52 Variation of relative width of scour holes of piers placed in lateral arrangement 
'H'//2>V/ ' with pier spacing ZJh. (where w/ = width of scour hole of two lateral pier, w,= 
width of isolated pier). 
The top width 'w/,' measured at Zy&=0 is 1.64 times of top width of a single 'w,' pier. 
This increase in width of scour hole is attributed to more trontal width of piers at this pier 
spacing as the depth of scour and hence the top width of scour hole are directly 
proportional to the frontal width of pier. When the two piers are separated from one 
another, the frontal width decreases as a result of which the scour depth decreases and 
consequently the top width of scour hole decreases. Fig.5.82 shows that the value of 
'w/2w,' reduces to 0.72 at pier spacing 2/6=1. However, the value of 'w/2wi' increases 
between pier spacings Zc/b=\ and 8. This increase in the values of'w/2w,' is caused due 
to an increase in pier spacing 'Zc/b' since the lateral distance between the outer edges of 
scour extent increases with pier spacing Z/h. The value of 'w/2wi' approaches nearly 
equal to 0.92 at pier spacing Z/6=8, which indicates the diminishing state of mutual 
interference of piers. 
(g) Length of sediment deposition at downstream faces of piers 
The length of sediment deposition 'Ldep(L)' occurring at the downstream face of piers at 
varied pier spacing 'Zc/h' are shown in Appendix-Ill. These lengths 'Ldep(L)' are divided 
by the length of sediment deposition 'L^ep a)' occurring at the downstream face of an 
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isolated pier and the values of relative length of sediment deposition 'Ldepfi/Ldepaj' are 
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Fig. 5.83 Variation of length of sediment deposition at downstream face of two piers placed in 
lateral arrangement 'Ljepfi) 'with pier spacing 'Zc/b' 
It can be seen that at pier spacing Zc/b=0, the value of 'Ldep/Ldepfo' is maximum. This 
maxima is due to the fact that at Zc/b=0, frontal width of piers is equal to twice the width 
of an isolated pier. It is also evident that 'Lde/Ldepoj' decreases with an increase in pier 
spacing Zc/b, since, the increment in pier spacing Z/b causes decrease in frontal width 
and thereby a decrease in the length of sediment deposition. At pier spacing Zc/b=8, the 
length of sediment deposition approaches to that measured at an isolated pier. 
Photographs shown in Fig. P8 authenticate the interpretation of results on scour 
characteristics analyzed and discussed above. 
5.6.4 Temporal variation of scour depth 
The data collected in this study on temporal variation of scour depth at two piers placed in 
transverse arrangement are given in Appendix-I. The plots of these data (not shown here), 
reveal that the rate of scour depth decreases as the lateral pier spacing 'Zc/b' increases. At 
'Zc/b' = 8, the rate of scouring at two piers tends to become identical to that at an isolated 
pier. To understand the rationale behind this decrement is the fact that at large lateral pier 
spacing Zc/b, the inner arms of the horseshoe vortices around the two piers cease to 
interfere with each other which causes a decrease in the effect of compression of 
horseshoe vortices around the two piers. As a result the scouring strength and rate of 
scouring at two piers decreases. 
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5.6.5 Concluding remarks 
Compression of horseshoe effect is the dominant effect on the scour depth at two piers of 
same size placed at right angles to the flow. At Zc/b=0, the maximum scour depth is 
observed as 1.95 times of that at an isolated pier. At Zc/b=\, the scour depth, though 
rapidly decreases but remains 21 % deeper than that an isolated pier. At Zc/b=(i, the scour 
depth nearly approaches to that at an isolated pier. At Zc/6=8, the scour depth virtually 
becomes free from mutual interference and the scour holes developed around two piers 
assume the same shape and size as that of an isolated pier. Based on the findings of this 
research it can be suggested that the two piers should be placed at 2c/h>% to achieve 
economy in design and construction of piers. 
5.7 Staggered Arrangement of Piers 
5.7.0 Introduction 
In order to analyze the results obtained from present experiments for the case of local 
scour at three piers placed in staggered arrangement, the longitudinal scour profiles, 
lateral profile of scour hole and areal extents of scour are plotted against relative pier 
spacing 'x/6'. Longitudinal scour profiles illustrating the scour depths and length of scour 
holes are shown in Appendix-II. The lateral cross-sections of scour holes are shown in 
Appendix-Ill and the areal extents of scour showing scour hole widths at the piers are 
shown in Appendix-IV. The temporal variation of scour depth is presented in Appendix-I. 
Some distinctive cases of areal extent of scour and longitudinal profile of scour are 
considered herein for analysis and discussion. In order to analyze the results on scour 
around staggered piers, photographs showing scour and deposition patterns developed 
around the piers were taken at the end of each experiment. Photographs for some typical 
pier cases are shown in Figs. P9 & PIO. 
As the objective of this part of present study is to investigate the effect of longitudinal 
spacing between upstream and downstream piers placed in staggered arrangement on 
bridge pier local scour, the transverse pier spacing between the upstream piers is kept same 
at Zt/b=9 since at this transverse pier spacing the effect of compression of horseshoe 
vortices between the two transverse piers is negligible as found in present study (Section 
5.6 of this chapter) and also reported by Hannah (1978). The analysis of results achieved 
from experiments in this part of present study is carried out under the following heads: 
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5.7.1 Variation of scour depth along flume length 
In order to analyze the results obtained from present experiments on staggered piers 
arrangement, the scour depths at upstream and downstream piers along flume length in 
flow direction are plotted for varied longitudinal pier spacing 'XJh' and shown in 
Appendix-II. The depth of local scour, length of the scour holes at the upstream and 
downstream faces of piers and length of sediment deposition at the downstream face of 
piers, are illustrated in these longitudinal scour profiles. It can be seen that at short pier 
spacing 'Xc/h', the rate of scouring at downstream pier remains higher than the upstream 
ones owing to the increased scour intensity caused by the approachment of flow from two 
upstream piers at an angle of attack 'a' up-to 45°. However, as the pier spacing 'X(/b' 
increases to 90, the total angle of attack of two upstream piers falls below 7.5° at which the 
effect of angle of attach at downstream pier becomes insignificant. As a result, the rate of 
scouring at upstream and downstream piers becomes identical to that at an isolated pier. 
5.7.2 Scour depth variation at upstream and downstream piers 
The relative scour depths measured at upstream piers 'ds,(^/ds(i/ and downstream pier 
'dsi(d/ds(i)' are plotted against the relative pier spacing X/b' as shown in Fig.5.84. It is 
observed that the scour depth at upstream and downstream piers initially increases with 
pier spacing and reaches to a maximum at pier spacing Xc/b=\Q. The reason for this 
maxima in scour depth at the downstream pier at X,/b=10, can be attributed to the 
approaching flow, which after interacting with the two upstream piers, approaches to the 
downstream pier at such an angle of attack at which the strength of horseshoe vortex at 
downstream pier is highly enhanced. The arrangement of two upstream piers at lateral 
pier spacing Z</Z) = 9 and downstream pier at longitudinal pier spacing Xo/b = 10 produces 
an angle of attack of 22.25° each with the two upstream piers. As a result, the total 
effective angle of attack equals to 45° which has been found to be the most critical angle 
of attack producing severe effect on scour depth (Hannah, 1978). At pier spacing 
Xc/b>\0, the scour depth at the downstream pier decreases with increasing pier spacing 
and reaches to a minimum at Xi/b=40. Thereafter, it mcreases upto pier spacing X/b=65 
and then remains invariable upto Xc/b=90. The decrease in scour depth at the downstream 
pier at lO<X/b<40, is attributed to the sheltering of downstream pier by the wakes of 
upstream piers due to which the velocity of flow approaching towards downstream pier 
decreases. 
Fig. P9: Scour and deposition patterns around three piers of same size 
placed in staggered arrangement at varied pier spacing Xc/d 
iA)Xc/b=5 {B)Xc^=20 
Fig. PIO: Scour and deposition patterns around three piers of same size 
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Fig. 5.84 Variation of relative scour depth at upstream and downstream pios placed in staggwed 
arrangement 'dsifu/dsf,)' and 'ds^ y/cfe,,;' with pier spacing X/b (where dssi(u) = scour depth at 
upstream piers, dss,(j/ds, =scour depth at downstream pier and dsfij = scour depth at isolated pier). 
Also, at these pier spacings, the total effective angle of attack produced by the upstream 
piers remains < 30° which causes less effect on the scour depth as investigated by Hanna 
(1978). The increasing trend in scour depth at downstream pier at 40<Ay&<65 indicates 
an increase in the velocity of flow approaching towards downstream pier due to the 
reduction in the sheltering effect of wakes of upstream piers. At Xc/b>65, the downstream 
pier goes out of the wake region of upstream piers as a result of which the velocity of 
flow approaching to the downstream pier regains its original value and the scour depth 
remains fairly constant and is same as that of an isolated pier upto pier spacing X^b=90. 
Another reason for the scour depth being constant can be attributed to the total effective 
angle of attack produced by the upstream and downstream piers at longitudinal pier 
spacing 65<X/b<90 being less than 7.5° which has an insignificant effect on the scour 
depth as established by Hannah (1978). 
The increase in scour depth at the upstream piers in the range 5<Xc/b<\0, is attributed to 
the reinforcing effect caused by the downstream pier, which remains dominant as evident 
from Fig. 5.84 upto X/b=20. Beyond this spacing, the reinforcing effect at upstream piers 
disappears almost completely and the scour depth becomes constant for pier spacing 
20<X^b<90. 
5.7.3 Scour depth variation between upstream and downstream piers 
Fig. 5.85 shows variation of bed level (i.e., maximum scour depth) between upstream and 
downstream piers. It is observed that the bed level between the upstream and downstream 
piers decreases upto AyZ)=30, remains constant between pier spacing Xc/b= 30 to 60 and 
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Fig.5.85 Variation of relative maximum scour depth at midway between upstream and downstream 
piers placed in staggered arrangement 'd„(„,j/ds(,)' with pier spacing 'X/b' (where 
dsi(mid)= scour depth at midway between the piers, ds(,) = scour depth at isolated pier). 
The decrease in bed level up-to X</6=30, is attributed to the shielding effect of wakes 
developed at the downstream end of the piers placed at the upstream. Bed level remains 
constant between J[V&=30 to 60 due to the balance maintained between effects of shed 
vortices of upstream piers and shielding of wakes of upstream piers by downstream pier.. 
The increase in bed level between Xc/b= 60 and 90 is ascribed to a decrease in the 
shielding effect of wakes of upstream piers. 
5.7.4 Scour depth variation at downstream pier with respect to upstream piers scour depth 
The scour depth at downstream pier with respect to that at upstream piers 'dssi(d/ds(u)' are 
plotted against pier spacing 'Xc/b' as shown in Fig.5.86. It is observed that the relative 
scour depth at dowiistream pier 'dsst(d/ds(u)' decreases as the pier spacing 'Xc/b' increases 
and reaches to a minimum at pier spacing Xc/b=40. 
Relative pier spacing 'Xc/b' 
Fig. 5.86 Variation of relative scour depth at downstream pier with respect to that of upstream 
piers placed in staggered arrangement 'dssKd/dssuu,' with pier spacing 'Xc/b' (where, 
dssi(u) = scour depth at upstream piers, dssiid) = scour depth at downstream pier). 
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This decrease in 'dssKd/dssuu)' is due to a decrease in the velocity of flow approaching 
towards downstream pier. This decrease in approach flow velocity is caused by the 
shielding of downstream pier by the wakes of upstream piers. At 40< Xc/b^5, the 
shielding of the downstream pier by the wakes of upstream piers starts diminishing due to 
which, the velocity of flow approaching towards the downstream pier increases resulting 
in an increase the relative scour depth. 'dsst(d/dsst(u)' The value of 'dssKd/ds^Ku)' reaches to a 
maximum at pier spacing X/b=65. The constant value of 'dss,(d/dss,(u)' at 65<AV&<90 
indicates the complete disappearance of the shielding effect of wakes of upstream piers 
and the effect of angle of attack of flow as the total angle of attack produced at pier 
spacings 7/6=9 and Xc/b=9Q is less than 7.5°. 
ANN models with details given in Tables 6.1 and 6.2 (Chapter VI), have been applied to 
authors experimental data for the estimation of scour depth at upstream and downstream 
piers placed at varied longitudinal pier spacings Xc/b. The scatter grams between 
observed and ANN estimated scour depths are shovvoi in Fig.6.16 (Chapter VI) The 
average values of correlation coefficient R^ between observed and ANN estimated scorn-
depths for upstream and downstream piers are evaluated fi-om Table 6.2 (Chapter VI) as 
0.8758 and 0.9912 respectively. Likewise, the average values of rmse for upstream and 
downstream piers from Table 6.2 (Chapter VI) are evaluated as 1.99x10"^  and 2.171x10"^ 
respectively. The lower values of rmse and higher values of R^ signify the accuracy of 
scour depths estimated by ANN models. 
5.7.5 Scour hole dimensions 
Since the knowledge of scour hole dimensions is vital in determining the extent of 
countermeasures needed to prevent/control scour at piers, various parameters explained as 
under using present experimental data are determined. 
(a) Length of scour holes 
The variation of length of scour holes at the front and rear face of upstream and 
downstream piers against pier spacing 'Xc/b' is shown in Fig. 5.87 and Fig. 5.88 
respectively. As evident from Fig. 5.86, the length of scour hole at front face of upstream 
piers increases upto Xc/b<\0 due to reinforcing effect of downstream pier but, this effect 
diminishes thereafler, and as a result, scour hole length remains constant upto Xc/b=90. 
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As shown in Fig. 5.87, the length of scour hole at front face of downstream pier increases 
as XJh increases and reaches to a maximum value at Xc/h=\^. The occurrence of maxima 
in the length of scour hole at this pier spacing can be attributed to the maximum 
enhancement in the strength of horseshoe vortex caused by the flow approaching towards 
downstream pier at 45° {i.e., 22.5°+22.5°) angle of attack. AtX/6>10 the length of scour 
hole at the front face of downstream pier decreases and reaches to a minimum value at 
Xc/b=60. The reason for this decrease is the shielding effect of wakes developed at the 
downstream end of upstream piers and also to the diminishing effect of the angle of attack 
being less than 30° (/.e., total angle produced at pier spacings Zc/b=9 and Ay6=60). 
i 
= 2 20 
II .. 
" E 
Upstream face of downstream pier 
- Upstream face of upstream piers 
20 30 40 50 60 
Relative pier spacing 'X^A)" 
70 90 
Fig.5.87 Variation of length of scour hole at front faces of upstream and downstream piers 
placed in staggered arrangement with pier spacing 'Xyb'. 
At 60<X(/b<90, the length of scour hole at the upstream face of downstream pier remains 
constant which mdicates the diminishing state of the shielding effect of upstream piers 
wakes and the disappearance of effect of angle of attack because of it being less than 7.5°. 
The variation in the length of scour holes at downstream face of piers is shown in Fig. 
5.88. It is noticed that the length of scour hole at the downstream face of upstream piers 
increases as pier spacing X/b' increases and reaches to a maximum value at Xc/b= 10. 
This maxima in length of scour hole is caused by the reinforcing effect induced by the 
downstream pier. Between lO<X/b<40, there is a steep reduction in the length of scour 
hole at dowTistream face of upstream piers which is due to sudden decrease in the 
reinforcing effect of the downstream pier and the development of complex flow pattern 
between upstream and downstream piers as a result of interaction of wake vortices of 
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Fig. 5.88 (Chart 6) Variation of length of scour hole at rear faces of upstream and downstream 
piers placed in staggered arrangement with pier spacing 'Xc/b'. 
Fig.5.88 illustrates an increase in the length of scour hole at the rear face of downstream 
pier upto Xc/b=\5. This increase is due to an enhanced scouring potential developed around 
downstream pier due to the approaching flow towards downstream pier at an angle of 
attack. The effect of angle of attack decreases beyond pier spacing x/b=15 and the length of 
scour hole reaches to minimum at X(/b=40. The downstream pier remains free of these 
effects and the length of scour hole remains constant at pier spacings 40<X/b<90. 
(b) Width of scour holes 
To study the effect of longitudinal pier spacing 'Xc/b' on the scour hole width, the lateral 
profiles of scour holes at front face of upstream and downstream piers are plotted against 
varying pier spacings Xc/b and are shown in Appendix-Ill. 
The scour hole widths at the upstream face of piers relative to the scour hole width at an 
isolated pier are plotted against pier spacing 'Xc/b' as shown in Fig.5.89. This variation 
shows that the scour hole width at upstream piers 'wi/b' (where V/ ' is the horizontal 
distance normal to the flow direction along the noses of the upstream piers and measured 
between the outer edges of upstream piers scour holes) remains constant over the entire 
range of pier spacing except at 'Xc/b' upto 10 which indicates that the reinforcing effect 
of dowTistream pier beyond pier spacing, Xc/b=\0, does not significantly affect the 
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Fig. 5.89 Variation of relative width of scour hole of upstream and downstream piers placed in 
staggered arrangement WKSI/W, and W2(si/w, with pier spacing 'Xc/b' (where wifs,)-
width of upstream piers scour hole, W2(si) = width of downstream pier scour hole and wr= 
width of an isolated pier scour hole). 
However, the scour hole width of downstream pier relative to the upstream piers 
'W2(st/wi(st)' (where, '•W2(si)' and 'w/^^,/ are the horizontal distances measured normal to 
the direction of flow and through the noses of the downstream and upstream piers 
respectively and between the outer edges of scour holes of upstream and downstream 
piers) at front face of downstream pier, increases as the pier spacing mcreases and 
approaches to a maximum at pier spacing AV&=10. This increase in scour hole width 
indicates the dominance of the effect of angle of attack of flow approaching from 
upstream piers towards the downstream pier. As the pier spacing 'Xc/b' exceeds 10, there 
occurs a steep reduction in the scour hole width at front face of downstream pier and this 
trend continues upto pier spacing Xc/b=\5. This decrease in the width of scour hole V^/ft' 
is due to a sudden decrease in the magnitude of angle of attack. At \5<Xyb<50, the 
downstream scour hole width 'W2(si)/b' ftirther decreases due to further reduction in the 
magnitude of angle of attack at these pier spacings. Beyond X/b =50, the effective angle 
of attack of flow falls below 7.5° at which it has no effect on the scour hole width 
''W2(st/b '.Asa result the downstream pier becomes free from all the effects and its scour 
hole width 'w2/b' remains constant at 50<Ay6<90. 
The downstream scour hole widths with respect to upstream scour hole widths 
'•W2(st/wi(s,)' are plotted against pier spacing 'Xc/b' and are shown in Fig.5.90. The value 
of "W2(SI/M'I(SI) ' increases as pier spacing increases and reaches to a maximum at pier 
spacing Z/6=10. This maxima at Xc/b =10, occurs due to approachment of flow from 
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upstream piers to the downstream pier at 45° angle of attack which has maximum impact 
on local scour (Hannah, 1978). 
30 40 50 60 
Relative pier spacing 'XJb' 
Fig. 5.90 Variation of width of scour hole of downstream pier relative to the scour hole width of 
upstream piers placed in staggered arrangement 'wj^ sz/w/^ jy' with pier spacing Xc/b ( 
where wif„) and W2fsi) are width of scour hole of upstream and downstream piers 
respectively). 
At \0<Xc/b<\5, there is a steep reduction in the values of 'w2(st/'^i{so' which can 
be explained mainly due to two reasons. First reason is the shielding effect of 
wakes of upstream piers and the second reason is the steep reduction in the angle 
of attack of flow approaching to the downstream pier. At \5<Xc/b<40, there is a 
gradual decrease in the values of 'wjfwi'. This gradual decrease can be attributed 
to a decrease in the effect of angle of attack at increasing 'Xc/b'. At A0<Xc/b<9Q, 
the value of 'w2/wj' remain constant which indicates the disappearance of 
shielding effect of upstream piers and effect of angle of attack on downstream 
pier at these pier spacings. 
(c) Variation of area of scour extents with pier spacing 
Using the scour data collected in this study, area! extents of scour around the three 
staggered piers are plotted as shown in Appendix-II. Overlapping of areal extents 
around upstream and downstream piers at pier spacing X/b' as shown in Fig 5.91 
indicates the existence of the effect of mutual interference of piers. 
It can, however, be seen in Fig. 5.92 that the areal extents of scour become 
independent of each other at pier spacing Xc/b=60 which implies that the three 
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Fig.5.91 Areal extent of scour around upstream and downstream piers placed in staggered 
arrangement at X^ b=40 
In order to study the effect of pier spacing on areal extents of scour around the piers 
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Fig. 5.92 Areal extent of scour around upstream and downstream piers placed in staggered 
arrangement at X,. b=60 
The computed values of areas of scour extent are divided by the area of scour extent of an 
isolated pier to obtain dimensionless area of scour extent 'A 3A,' and plotted against 
relative pier spacing 'Xc/b' as shown in Fig.5.93. 
As can be seen in Fig. 5.93 there is no regular pattern in the variation of area of scour 
extent at varied pier spacing. The reason for such a variation is the change in the flow 
pattern with increasing pier spacing Xo/b. The increase in the area of extent at Xc/b=\0 can 
be attributed to the strong interaction of flow approaching towards the downstream pier at 
45° angle of attack with the wake vortices on downstreemi side of upstream piers. 
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Fig. 5.93 Variation of relative area of scour extent around upstream and downstream piers placed 
in staggered arrangement 'A/SA,' with pier spacing 'Xc/b' (where A = area of extent of 
scour around upstream and downstream piers, A, = area around an isolated pier). 
However, at Xc/b=\5, the angle of attack sharply decreases which results in a weak 
interaction of flow approaching from upstream piers with wake vortices of upstream piers 
and this trend continues upto Xc/b=20. However, beyond Xc/b=20, the area of the extent 
of scour again increases at Xc/b=25, This increase in area of extent results from the 
change in flow pattern at downstream face of downstream pier where the bed material 
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Fig. 5.94 Areal extent of scour around upstream and downstream piers placed in staggered 
arrangement at Xc b=25 
The area of scour extent decreases upto Xc/b=3Q. This decrease may be due to reduction 
in the strength of wake vortices of downstream pier due to which the bed material 
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deposits in a narrower width at the rear face of downstream pier along the flow direction 
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Fig. 5.95 Area! extent of scour around upstream and downstream piers placed in staggered 
arrangement at Xc h=30 
The area of scour extent at 30<Xc ^<40 remains almost same due to the same flow pattern 
prevailing between pier spacmg Xc/b=30 and 40. As evident from Appendix-IV, the areal 
extents of scour around upstream and downstream piers overlap each other upto Xc/b^40, 
however, atXc/b=50, the areal extents of scour are just on the verge of being independent 
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Fig. 5.96 Areal extent of scour around upstream and downstream piers placed in staggered 
arrangement at X^ b=50 
At Xc b>50. Fig 5.97 shows that the area of the extent of scour decreases upto Xc b=60 at 
which the areal extent of scour around upstream and downstream piers becomes 
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As a result, a change in flow pattern occurs which causes the deposition of bed material 
over narrower width along the flume length as shown in Fig 5.97. At 60<Xc/b<^0, areas 
of extent of scour remain invariable because of stability in the flow pattern established 
around upstream and downstream piers. However, at Xc/b=90, the area of scour extent 
decreases and approaches to that around an isolated pier. This decrease and approachment 
of area of scour to the area of single pier scour extent point towards the fact that the flow 
pattern around the three piers has become free of mutual interference. 
(d) Length of sediment deposition at downstream face of upstream and downstream piers 
Fig. 5.98 shows the variation in the length of sediment deposition at the rear faces of 
upstream and downstream piers with pier spacing Xc/b. A decreasing trend in the average 
values of length of deposition at the downstream side of piers can be noticed in Fig.5.98 
The reason for this decreasing trend can be explained by the fact that as the pier spacing 
Xc/b increases, the flow pattern at the downstream end of upstream and downstream piers 
changes due to the altering interaction of flow with piers and the sediment bed. 
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Fig.5.98 Variation of length of sediment deposition at rear faces of upstream and downstream 
piers placed in staggered arrangement with pier spacing Xc/b. 
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5.7.6 Variation of angle of attack with longitudinal pier spacing 
The angles of attack 'a' are computed for lateral spacing between upstream piers Z/6=9 
and varying longitudinal spacing between upstream and downstream piers Xc/b = 5 to 90 
and are plotted against the longitudinal pier spacing X/b as shown in Fig. 5.99, An abrupt 
reduction m the angle of attack is observed in Fig. 5.99 upto Xc/b=20 followed by the 
gradual decrease as the pier spacing mcreases further. At Xc/b>60, the angle of attack 
remains under 7.5°, which has been found to be insignificant in affecting the scour depth 
(Chabert Engeldinger, 1956; Laursen and Toch, 1956; and Melville, 1997). 
O 60 
30 40 50 60 
Relative pier spacing 'XJb' 
FIG. 5.99 Variation of angle of attack formed by three piers in staggered arrangements with 
longitudinal pier spacing 'XJb'. 
5.1.1 Scour depth at downstream pier with respect to an isolated pier at varying 
angles of attack (i.e., varying longitudinal pier spacing) 
The relative scour depths at the downstream pier are plotted against angles of attack 
produced by the three piers located in staggered arrangement for varying longitudinal pier 
spacings Xc/b' as shown in Fig.5.100. It is observed that the relative scour depth is 
maximum at 44.5°s45° i.e., Xc/b=\0) angle of attack, which verifies the experimental 
results of Hannah, 1978 It is also seen that at a <7.5°, relative scour depth remains 
constant which verifies the findings of (Laursen and Toch, 1956). The relative scorn-
depth at downstream pier is smaller at an angle of attack 'a' = 73.74° than at 'a' = 44.5°. 
At angles of attack 12.52°<a< 44.5° the relative scour depth decreases due to the 
dominance of shielding effect of wakes of upstream piers on the effect of angle of attack. 
At angle of attack a =7.24° to 12.52°, the relative scour depth increases which indicates the 
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Fig.5.100 Variation of scour depth at downstream pier of piers group placed in staggered 
arrangement, with respect to that of an isolated pier 'dss,(d/ds(i)' at varying angles of 
attack 'a' formed by three piers in staggered arrangement. 
Photographs shown in Figs. P9 & PIO authenticate the analysis of results on scour 
characteristics discussed above. 
5.7.8 Temporal variation of scour 
The data on temporal variation of scour depth colleted on three piers placed in 
staggered arrangement for varied longitudinal pier spacings are given in Appendix-I. 
The plots of these data (not shown here) reveal that the rate of scour at downstream 
pier is more than that at upstream piers due to the increased strength of horseshoe 
vortex caused by the approachment of flow from upstream piers to the downstream 
pier at some angle of attack. The data in Appendix reveal that the temporal scour 
depth variation curve for downstream pier lies above the temporal variation curve for 
upstream pier upto pier spacing Xc/6=20. However, in the range of AOXc/b >25, the 
temporal variation curve for downstream pier falls below the temporal variation curve 
for upstream piers. Beyond Xc/b>AQ, the temporal scour depth variation curve for 
downstream pier falls below that for the upstream one. At Xc/b= 90, the temporal 
variation of scour depth becomes identical to that at an isolated pier which implies 
that the three piers have become free of the effects of mutual interference. 
5.7.9 Concluding remarks 
It is observed that the scour depths at upstream and downstream piers are maximum at 
pier spacing Xc/b^lQ. The arrangement of two upstream piers at lateral pier spacing 
Zc/b=9 and downstream pier at longitudinal pier spacing Xc/b=\Q produces total 
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effective angle of attack equal to 45° which is identified as the most critical angle of 
attack producing severe effect on scour depth as found in present study and also 
reported by Hannah, 1978. At pier spacing Xc/b>\0, the scour depth at the 
downstream is minimum at X/Z>=40. Thereafter, it increases upto pier spacing Xc/b=65 
and then remains constant upto A'c/6=90.Based on the results achieved in this part of 
present investigation, it can be concluded that the downstream pier should be placed at 
Xc/b=40 since, at this pier spacing, the effect of upstream piers on at downstream pier 
local scour, is minimum. 
5.8 Two Piers at Constant Angle of Attack but Varying Radial Spacing 
5.8.0 Introduction 
Scouring around two piers aligned in a direction transverse to the flow is affected by 
the compression of horseshoe vortices developed around the two piers. However, the 
scouring around two piers having their line of centres at an angle 45° to the approach 
flow is affected by all effects (reinforcing, sheltering shed vortices and compression 
of horseshoe vortices) and depending on the radial spacing between the piers, there is 
dominance of some effects over the others. It is experimentally observed that the 
striking strength of shed vortices of front pier is maximum at the rear pier when the 
two piers having their lines of centres at 45° to the direction of flow have centre to 
centre radial pier spacing R/b~5. 
In order to analyze the resuhs obtained from present experimental data on local scour 
around front and rear piers placed at varying radial pier spacing 'R/b' and having their 
line of centres at 45° to the approach flow, the longitudinal profile of scour, lateral 
profile of scour and areal extent of scour are plotted for varied radial pier spacings 
'R/b' and are shown in Appendix-II, Appendix-Ill and Appendix-IV respectively. 
Some distinctive cases of longitudinal profiles of scour and areal extent of scour are 
considered in this section for analysis and discussion. In order to analyze the results, 
the photographs showing the scour and deposition patterns on the bed around the piers 
were taken at the end of each experiment. Photographs for some distinctive cases are 
shown in Fig. PI I «feP12. 
Fig. P l l : Scour and deposition patterns around two piers aligned 
at constant angle 45° and varying radial pier spacings R/b 
(A) R/b=Q (B) R/b=2 
Fig. P12: Scour and deposition patterns around two piers aligned 
at constant angle 45° and varying radial pier spacings R/b 
{C)R/b=S iD)R/b=n 
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5.8.1 Variation of scour depth along flume length 
Using the scour data collected in this study, the scour depths along the central line 
of flume in flow direction are plotted in longitudinal profiles of scour as shown in 
Appendix-II. It can be seen that the longitudinal profiles of scour start getting 
separated from one another at radial pier spacing R/b=\\, however, the length of the 
profile of rear pier remains smaller than that of the fi-ont pier. As the radial pier 
spacing R/b approaches to 12, the lengths of longitudinal profiles become similar to 
that of an isolated pier indicating that the two piers being freed from mutual 
interference. 
5.8.2 Scour depth at front and rear piers 
Appendix-II shows the longitudinal profiles of scour in which the scour depths, 
length of scour holes, length of deposition and magnitudes of maximum deposit are 
marked. 
The relative scour depths 'dscao/dsa)' and 'dsca(r/ds(i)' observed at the upstream face 
of front and rear piers, having their line of centres at 45° to the approach flow and 
placed at varying radial spacings are plotted against radial pier spacing 'R/b' as 
shown in. Fig. 5.101. At radial pier spacing R/b=0 (i.e., the two piers are touching 
each other), the maximum scour depth is observed as 2.012 ds(i). However, at radial 
pier spacing R/b=\, the scour depths at fi-ont and rear piers are observed as \.35dsi 
and l.3Sdsi respectively. This steep reduction in relative scour depths is due to a 
decrease in the frontal width caused by the free space between the two piers. At 
radial pier spacing R/b>l, the scour depths at rear pier are observed to be more than 
at the front pier for all radial pier spacings except R/b=l2. The scour depths at this 
spacing approaches to that of an isolated pier. Increase in scour depths at rear pier 
are mainly due to the combined action of 'shed vortices' from the front pier and 
compression of the 'horseshoe vortices' between the piers. Evidently, the combined 
action of shed vortices and compression of horseshoe vortices between the front and 
rear piers dominate over the sheltering effect of front pier. As evident in Fig. 5.101, 
the maximum scour depth at rear pier occurs at radial pier spacing R/b=3. 
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Fig.5.101 Variation of relative scour depth at front and rear piers placed at constant angle of 
attack a=45° 'dScao/dSd,' and 'dsca(r/dsf,)' with radial pier spacing 'R/b '(where 
dsca(j/ds(,)= scour depth at front pier, dsca(r/dS(,)=sco\ir depth at rear pier and ds(i) = 
scour depth at an isolated pier). 
Also, maximum difference between the scour depths at front and rear piers is observed at 
radial pier spacing R/h=3. For spacing R/h>3, the difference between the scour depths at 
front and rear piers decreases and the scour depths merge into one another at R/b= 12 
which equals to the scour depth that is observed at an isolated pier. 
The details of ANN models applied to the present experimental data for the estimation of 
scour depths at front and rear piers placed at constant radial pier spacing R/b=5 and varying 
angles of attack 'a', are given in Tables.6.1 and 6.2 (Chapter VI) and are also shown in ANN 
architectures Fig 6.8 (Chapter VI). The scatter grams plotted between observed and ANN 
estimated scour depths are shown in Fig. 6.18 (Chapter VI). The closeness of data points to 
the line of best agreement indicates the accuracy of the ANN model in predicting the scorn-
depths. The average values of correlation coefficient R^ between observed and estimated 
scour depths at front and rear piers for training and testing data sets are 0.9740 and 0.9765 
respectively. The values ofrmse between observed and estimated scour depths for front and 
rear piers are 9.74x10"* and 2.172x10'^  respectively. The higher values ofR^ and lower values 
of rmse indicate the accuracy of ANN models in predicting the scour depth. 
5.8.3 Scour hole characteristics 
Since the knowledge of scour whole dimensions is essential in determining the extent of 
countermeasures needed to prevent/control scour at piers, various parameters explained as 
under using present experimental data are determined. 
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(a) Scour hole characteristics at front and rear piers 
Scour holes characteristics around front and rear piers are analyzed by plotting the 
longitudinal and lateral profiles of scour and areal extent of scour around the piers agamst 
radial pier spacing 'R/b' as shown in Appendix-II, Appendix-Ill and Appendix-IV 
respectively. It is experimentally noticed that the spiral motion of flow takes place in a 
clockwise direction around two piers placed at zero radial pier spacing and having their 
line of centres at 45° to the approach flow. Two piers at zero spacing acts like a single 
round nosed rectangular pier having a length to width ratio equal to 2 and single 
horseshoe vortex develops around it. However, as the rear pier is separated from the front 
one, independent horseshoe vortices are developed around the piers. At short radial pier 
spacings, a strong interaction is observed between the flow patterns generated around the 
piers. 
(b) Length of scour hole at upstream faces of front and rear pier 
The length of scour holes at the upstream faces of front and rear pier relative to the length 
of scour hole of an isolated pier 'Lshcau(//Lshu(i)' and 'Lshcaufr/Lshufo' are plotted against 
radial pier spacing 'R/b' as shown in Fig. 5.102. The lengths of scour holes observed at the 
upstream face of front and rear piers at radial pier spacing R/b=0 are 1.64 and 1.59 times 
more than observed for an isolated pier respectively. While at pier spacing R/b=\, these 
lengths remain only 1.23 and 1.27 times more than the corresponding value observed for an 
isolated pier respectively. 
- upstream face of front piers 
- upstream face of rear pier 
4 6 8 
Relative radial pier spacing 'R/b' 
10 12 
Fig. 5.102 Variation of length of scour holes at upstream faces of front and rear piers placed at 
constant angle of attack a=45° 'Lshcau(//Lshu(i)' and 'Lshcau(r/Lshu(,)' with radial pier 
spacing 'R/b' (where Lshcauij) = length of scour hole at upstream face of front pier , 
Lshcau(r) = length of scour hole at upstream face of rear pier, Lshu(si) = length of scour 
hole at upstream face of an isolated pier). 
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This rapid decrease in the values of 'Lshcauw/Lshuw' and 'Lshcau(r/Lshu(i)' occurs due to the 
reduction in the scour depth due to increase in the free gap along flume width between the 
piers. For radial pier spacing R/b^2 and beyond, the effect of compression of horseshoe 
vortices and reinforcing effect of on front pier reduces consequent upon which the scorn-
depth also decreases and results in decrement of 'Lshcauw/LsKfi)' At radial pier spacing 
'R/b' =10, the value of 'Lshcau(f/Lshu(i)' at the front pier decreases and approaches to unity. 
Thereafter, the front pier remains ahnost free from mutual interference and, as a result, the 
value of 'Lshcau(fi/Lshu(i)' remains constant (/.e,1.0) upto radial pier spacing R/b=\2. 
However, at rear pier the combined effect of shed vortices and compression of horseshoe 
vortices between the piers is such that the value of 'Lshcau(r/Lshu(i)' remains constant 
between radial pier spacing R/b= 2 to 4 and thereafter, it decreases and approaches to unity 
at pier spacing R/b= 12. 
(c) Length of scour hole at downstream faces of front and rear piers 
The length of scour holes at the downstream face of front and rear piers with 
respect to the length of scour hole of an isolated pier 'Lshcad(f)/Lshd(i)' and 
'Lhscad(r/Lshd(i)' are plotted against radial pier spacing 'R/b' as shown in Fig. 
5.103. The lengths of scour holes at i?/6=0 are observed as about 1.29 Lshd(i) and 
1.18 Lshd(i) respectively. At R/b>0, the lengths decrease and approach to a value as 
observed for an isolated pier at radial pier spacing R/b=l 1 and remains the same 
upto R/b=l2.As shown in Fig. 5.103, the values of 'Lshcado^Lshda)' and 
'Lhscad(r/Ls(dsi)' dccrcasc at a relatively higher rate upto R/b=\, due to a decrease 
in the frontal width of pier caused by separation of piers. However, at pier spacing 
R/b>l, the value of 'Lhscad(r/Ls(dsi)' at rear pier remains fairly constant upto R/b=3. 
• Front pier 
- Rear pier 
12 
Relative radial pier spacing 'R/b' 
Fig. 5.103 Variation of length of scour holes at downstream faces of front and rear piers placed 
at constant angle of attack a=45° 'Lshcaj(j)/Lshj(ij' and 'LhScad/r/Lshd(,)' with radial pier 
spacing 'R/b' (where Lshcad(j) - length of scour hole at upstream face of front pier , 
Lhscad(r)= length of scour hole at upstream face of rear pier, Lshd(i) = length of scour 
hole at upstream face of an isolated pier). 
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This constant variation is due to the balance maintained among the various flow 
mechanisms (i.e., reinforcing, shed vortices and compression of horseshoe 
vortices) interplaying around two piers. The decrease in 'Lhs^adtr/Lshj^)' at rear pier 
at R/b>?> is attributed to the decrement in the effect of vortex shedding and 
compression of horseshoe vortices. However, the value of 'Lshcad(fl/Lshd(,)' at front 
pier decreases due to decrement in the reinforcing effect of rear pier of front pier. 
(d) Slope of scour holes 
(i) Slope of scour holes on upstream of front and rear piers 
The slope of scour holes observed at the upstream face of front and rear piers with respect 
to the slope observed at upstream face of an isolated pier 'Sicau(//Siu(i)' and 'Sicau(r/Siu(i)' are 
plotted against radial pier spacing 'R/b' as shown in Fig. 5.104. As evident from this figure, 
the slope at upstream face of front £ind rear piers is maximum at R/b=0, however, it 
decreases rapidly upto R/b=\ and thereafter, a gradual decrement is observed upto R/b=l2. 
Upstream face of front pier 
- Uupstream face of rear pier 
4 6 
Relative radial pier spacing 'R/b' 
12 
Fig.5.104 Variation of relative slope of scour hole at upstream faces of front and rear piers 
placed at constant angle of attack a=45° 'Sicau(//Siu{i)' and 'Sicau(r/Siu(i)' with radial 
pier spacing 'R/b' (where Sicau(f) = slope of scour hole at upstream face of front pier, 
Sicau(r) = slope of scouf holc at upstream face of rear pier and 5'/„^ /j=slope of scour 
hole at upstream face of an isolated pier). 
This variation in the relative slope 'Sicauo/Siufo' or 'Sicau(r/Siu(i)' suggests that, as the 
frontal width of two piers at R/b=0 is maximum, the scour depth, which is directly 
proportional to the frontal width, is maximum. As a result, the slope of scour hole at 
upstream face of front and rear piers is maximum. At R/b=l, however, the separate 
horseshoe vortices develop around front and rear piers, mutual interaction between 
horseshoe vortices and shed vortices occurring around the front and rear piers gets 
intensified which causes a rapid decrease in the slope at upstream face of front and rear 
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piers. At radial pier spacings ranging between R/b=\ to 3, scour depth at rear pier remains 
constant (see, Fig.5.101) due to which, the slope at 'Sjcau(r/Siu(i)' remains constant. For 
radial pier spacing R/b>'i, the intensity of interference between the horseshoe vortices 
around front and rear piers decreases as the radial pier spacing increases and causes a 
decrement in the values of 'Sicau(r/Siu(i)' vi^io radial pier spacing R/b=\2. At the upstream 
face of front pier, a gradual decrease in the values of 'Sicau(//Siu(i)' is observed at radial 
pier spacings l<R/b<\\. This decrement in the values of 'Sicau(f/Siu(i)' is attributed to the 
reduction in the reinforcing effect of rear pier. At radial pier spacing R/b=\2, the slope 
remains nearly same as that of an isolated pier which implies that the front and rear piers 
become free from the effects of mutual interference. 
(ii) Slope of scour holes at downstream faces of front and rear piers 
The slope of scour holes observed at the downstream face of front and rear piers relative 
to the slope at the downstream face of an isolated pier 'Sicad(f/Sid(i)' and 'Sicadfr/Sidfo 'are 
plotted against radial pier spacing R/b as shown in Fig. 5.105. The slope 'S/cadff/Sidaj' is 
observed to be maximum at radial pier spacing R/b^O, since, the frontal width of piers 
being maximum at radial pier spacing R/b=0. However, as two pier are separated, the 
shed vortices of front pier interacts with the vortex system of rear pier resulting in the 
generation of a complex flow pattern around the two piers which causes the slopes 
'Sicad(f/Sid(i)' and 'Sicad(r/Sid(i)' to decrease rapidly at radial pier spacing R/b=\. The slope 
at rear pier, 'Sicad(r/Sid(i) 'remains constant between pier spacings R/b= 1 and 2 due to the 
balance maintained among the various effects (i.e., effect of reinforcing, shed vortices and 
horseshoe vortex compression) interplaying around the two piers. 
- Front pier 
- Rear pier 
4 6 8 
Relative radial pier spacing 'R/b' 
Fig. 5.105 Variation of relative slope of scour holes at downstream faces of front and rear piers 
placed at constant angle of attack a=45° 'Sicad(f/Sid(i' and 'Sicad(r/Sid(i)' with radial pier 
spacing 'R/b '(where Sicadff) = slope of scour hole at downstream face of front pier, 
Sicad(r)= slope of scour hole at downstream face of rear pier and Sid(i)= slope of scour 
holes at downstream face of an isolated pier). 
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At radial pier spacing R/b>2, the effect of the mutual interaction of vortices around front 
and rear piers weakens resulting in a decrease in the value of slope 'Sicadfr/Sidoj' at rear 
pier and reaches to that of an isolated pier at radial pier spacing R/b=l2. In the case of 
front pier, as the radial pier spacings R/b increases beyond 1, the reinforcing effect on 
front pier caused by the presence of rear pier decreases and the value of slope 
'Sicad(f/Sid(i) 'at downstream face of front pier gradually decreases and reaches to that of an 
isolated pier at radial pier spacmg R/b=\2, which indicates diminishing state of mutual 
interference effect between the piers. 
(e) Deposition of sediment at downstream faces of piers 
The length of sediment deposition at the downstream face of front and rear piers with 
respect to the length of sediment deposition at downstream face of an isolated pier 
'Ldepca(f/Ldep(i)' and 'Ldepca(r/Ldep(i)' are plotted against radial pier spacing R/b as 
shown in Fig.5.106. A decrement in the values of length of sediment deposition 
'Ldepca(j)/Ldep(i)' and 'Ldepca(r/Ldep(i)' at downstream face of front and rear piers is 
observed upto radial pier spacing R/b=3. It is observed that the bed material scoured from 
around the two piers deposit more along flume width than along the flow direction as 
shown in Appendix-II. This happens due to the interaction of wake vortices of front pier 
with horseshoe vortex of rear pier. These wake vortices of front pier lose their strength 
after interacting with the vortices at rear pier and are rendered unable to transport the 
scoured bed material flirther downstream. 
4 6 
Relative radial pier spacing 'R/b' 
Fig. 5.106 Variation of relative length of sediment deposition at downstream faces of front and 
rear piers placed at constant angle of attack a=45° 'Ldepca(j)/Ldepf,)' and 
'Ldepca(r/Ldep(i)' with radial pier spacing 'R/b '(where Ldepca(o= length of sediment 
deposition at downstream face of front pier, Ldepca(rr length of sediment deposition 
at downstream face of rear pier and Ldepfy = length of sediment deposition at 
downstream face of an isolated pier). 
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At pier spacing R/b=3 to 5, 'Ldepcao/Ldepa)' and 'Ldepca(r/Ldep(i)' increase as the shed 
vortices generating from front pier increases the strength of shed vortices of rear pier by 
striking more closely to the rear pier. 
The maximum values of 'Ldepca(f/Ldep(i)' and 'Ldepcafr/Ldepaj' occur at R/b=5 as shown 
in Fig. 5.106. The maximum in these values is validated by earlier studies. Hannah 
(1978), in his study has also reported scour depth at rear pier to be maximum when two 
piers with their line of centres at 45° to the direction of flow are placed at radial pier 
spacing R/b=5. Fig. 5.106 reveals that as the pier spacing 'R/b' increases beyond 5, a 
decrease in the values of 'Ldepcaff/Ldepa)' and 'Ldepca(r/Ldep(i)' is observed upto pier 
spacing R/b=\2.T\\Q values of 'Ldepcaff/Ldepft)' and 'Ldepca(r/Ldep(i)' at radial pier 
spacing R/b=l2 are observed to be nearly equal to those observed at an isolated pier, since 
the shed vortices from the front pier fail to approach near the rear pier. 
(f) Variation of area of scour extent with radial pier spacings 
The data on areal extents of scour collected in present study are plotted as shown in 
Appendix-IV for varied radial pier spacings R/b. It can be seen in Fig. 107 (R/b=ll) that 
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Fig.5.107 Areal extent of scour around front and rear pier placed at constant angle of attack 
a=45°and/?A=ll 
However, at radial pier spacing R/b=\2, Fig. 5.108 shows that the areal extents of scorn-
get separated from one another, nevertheless the size of areal extent around two piers 
remains quite different from one another. 
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Fig.5.108 Areal extent of scour around front and rear piers placed at constant angle of attack 
a=45°andi?/Z)=12 
The areas of the extent of scour for varied radial pier spacings 'R/b' with respect to the 
area of scour extent of an isolated pier 'Act/2Ai' are plotted against radial pier spacing 





Relative radial pier spacing 'FVb' 
Fig. 5.109 Variation of relative area of scour extent around front and rear piers placed at 
constant angle of attack a=45° 'Acc/2Ai' with radial pier spacing 'R/b' (where, 
Aca ^  total area of scour around front and rear piers and At = area of scour 
extent around an isolated pier). 
At radial pier spacing R/b= 0, two piers act together as a single pier having length to 
width ratio equal to 2. As observed in Fig.5.109, the value of 'A/2Ai' = 2.12, is a 
maximum at radial pier spacing R/b=0 which is slightly more than 2.04, the frontal 
width of piers at zero degree angle of attack. This maxima in the value of area of 
extent is due to the increased strength of vortex system developed around the two 
218 
piers due to their alignment at an angle of 45° to the flow. As the radial pier spacing 
'R/b' increases to 1, a steep reduction in the value of 'A/2Ai' is observed. At this 
radial pier spacing, the value of 'A/2At' is equal to 1.12. The decrease in frontal width 
caused by the separation of two piers is the reason for this steep reduction in area of 
scour extent. During experiments it was noticed that as the radial pier spacing 'R/b' 
exceeded 1, separate horseshoe vortices were observed to be forming at front and rear 
piers. Also an intensive interaction between the flow patterns occurring around the 
two piers was observed. In Fig. 5.109, a decrement in the values of 'A/2At' is 
observed at radial pier spacing \<R/b<3and as pier spacing 'R/b' reaches to 3, the 
value of 'A/2Ai' approaches to 0.84, a minimum. This decrement in the value of 
'A/2Ai' at radial pier spacing \<R/b<3 occurs due to the balance maintained in mutual 
interaction of vortex system developed around the front and rear piers due to which 
the wake vortices do not remain able to transport the bed material scoured from the 
scour holes of the two piers to the larger extent of area. 
It was observed during experiments that upto radial pier spacing R/b=3, shed vortices 
from the front pier pass very close to the rear pier. The maxima in Fig. 5.109 suggests 
that at radial pier spacing R/b=4, shed vortices generating from front pier approach 
directly at the nose of rear pier which enhances the transporting strength of wake 
vortices at rear pier. As a result the bed material scoured from the rear pier scour hole 
is transported at the downstream end and deposits over a large area. The decreasing 
trend in the values of 'A/2Ai' indicates that at pier spacing R/b=5 and onward, the 
shed vortices of front pier deviate and pass away from the rear pier resulting in a 
decrease in the transporting strength of wake vortices of rear pier and a reduction in 
the area of the extent of scour. At pier spacing R/b=\2, shed vortices pass away from 
the rear pier, and leads to a negligible influence on rear pier as such that the extent of 
scour around front and rear piers is nearly same as that of an isolated pier. 
(g) Width of scour holes 
Appendix-IV shows the areal extents of scour around piers to overlap each other along 
their inner sides at short radial pier spacing R/b. However, as R/b increases, areal extents 
of scour around front and rear piers starts separating from one another and gets 
completely separated from one another at R/b=\2. 
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To examine the variation of widtli of scour holes with radial pier spacing R/b, scour 
profiles along the flume width across the nose of front and rear piers are plotted against 
'R/b' as shown in Appendix-Ill. The top width of scour hole 'w/' and 'w2' at front and 
rear piers respectively, are the horizontal distances measured between the extreme ends 
of scour extent across the nose of front and rear piers The top widths of scour holes 
across the respective noses of the piers relative to the top width of scour hole across 
nose of an isolated pier 'wica/wi' and 'W2c</wi' are plotted against radial pier spacing 
R/b as shown in Fig.5.110. 
4 6 8 
Relative radial pier spacing 'R/b' 
Fig. 5.110 Variation of relative width of scour holes of front and rear piers placed at constant 
angle of attack a=45° 'w/rca/ '^ ^"d 'wiica/w,' with radial pier spacing 'R/b '(where 
w/rca;=width of scour hole at front pier, w^ ^^ a^^ w^idth of scour hole at rear pier, 
w,=width of scour hole at an isolated pier). 
For pier spacing R/b=0 'wi(ca/wi' sad. 'W2(ca/M>i' are observed as 1.86 and 1.82 respectively. 
These values are slightly more than that would be suggested by a linear dependence of 
scour hole width on frontal width, namely, 1.64. The occurrence of maximum scour hole 
width at R/b^O is attributed to an increased scour depth caused by large frontal width 
resuhing from zero radial pier spacing. A steep reduction in the values of 'vf/^ ca/w,' and 
'W2(ca/wi' is observed at R/b= 1, since, piers behave independently at R/b>0. 
For radial pier spacing R/b>\, (see. Fig. 5.110, the decreasing trend in the values of 'wj 
(ca/wi' at front pier continues upto pier spacmg R/b=\2. This decreasing trend can be 
explained in a way that, as R/b increases, the respective scour holes of front and rear piers 
in between, get separated from each other. As shown in Appendix-IV, the scour holes at 
upstream face of front and rear piers are observed to get separated completely at radial 
pier spacing R/b=\ 1 but still overlap one another at downstream face of two piers. 
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At rear pier, a decreasing trend in the values of 'w2(ca/'^t' continues up-to radial pier 
spacing R/b=2, increases upto pier spacing R/b^\\ and then remains constant between 
pier spacing R/b=l\ to 12. Fig.5.110 shows a minimal decrease in the values of 
''W2fca/wi' at rear pier spacing l<R/b<3, which indicates that the effect of shed vortices 
approaching to the rear pier dominates over the effect of compression of horseshoe 
vortices and sheltering effect offered by the front pier. The values of 'w2/wi' remain 
nearly same in the range of radial pier spacing l<R/b<3 and a results in the same scour 
depths. As 'R/b' approaches to 4, the shed vortices from front pier approach directly to 
the rear pier as a result of which the scour depth at rear pier increases and hence the value 
of ''W2(ca/yvi' increases. With further increase in pier spacing R/b, the shed vortices pass 
away from the rear pier and result in a decrease in the scour depth at rear pier. 
Furthermore, with an increase in pier spacing R/b, the overlapping of scour holes of front 
and rear piers decreases as a result of which the width of scour hole 'w2(ca/wi' mcreases 
and reaches to a maximum at pier spacing R/b=\2 when the scour holes at front and rear 
piers are completely separated from one another. 
The action of shed vortices of front pier causes an increase in the scour depth at rear pier 
but at the same time the bed material scoured from front pier gets transported into the rear 
pier scour hole which balances the increase in the scour depth. This process remains 
dominant in the range of pier spacing \<R/b<3 due to which the variation in the scour 
depth and scour hole width at rear pier 'W2 (ca/^i' remains small in the range of radial pier 
spacing \<R/b<3. 
The scour and deposition patterns captured in photographs shown in Fig. Pl l & P12 
authenticate the analysis of results on scour characteristics discussed above for piers 
placed at constant angle of attack and varying radial pier spacing. 
5.8.4 Temporal variation of scour depth 
The data on temporal variation of scour depth coUeted on two piers having fixed radial 
pier spacing and varied longitudinal pier spacings are given in Appendix-I. The plots of 
these data (not shown here) reveal that the rate of scour at dovmstream pier is more than 
that at upstream piers due to the increased strength of horseshoe vortex caused by the 
approachment of flow from upstream piers to the downstream pier at some angle of 
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attack. The data in Appendix-I reveal that the temporal scour depth variation curve for 
downstream pier lies above the temporal variation curve for upstream pier up-to pier 
spacing Xc/b=20. However, in the range of 40>AVZ> >25, the temporal variation curve for 
downstream piers falls below the temporal variation curve for upstream piers. Beyond 
Xc/b>AO, the temporal scour depth variation curve for downstream pier falls below that 
for the upstream one. At Xc/b=9Q, the temporal variation of scour depth becomes identical 
to that at an isolated pier which implies that the three piers have become free of the 
effects of mutual interference. 
5.8.5 Concluding remarks 
Tlie scouring around two piers having their line of centres at an angle 45° to the 
approach flow is affected by several effects (reinforcing, sheltering shed vortices and 
compression of horseshoe vortices) and depending on the radial spacing between the 
piers, there is dominance of some effects over the others. The effect of shed vortices 
remains dominant between the two piers due to which scour depth at rear pier remains 
deeper at short radial pier spacings R/b. However, as R/b increases, shed vortices 
originating from the front pier fail to reach the rear pier and thus become ineffective in 
increasing the scour depth at rear pier. At R/b=0, scour depth is deeper than the twice of 
the scour depth at an isolated pier. However, at R/b=\, the scour depth at front and rear 
piers swiftly decreases but still remains 35% and 38% deeper than that at an isolated 
pier. At R/b >1, the scour depth at rear pier gradually decreases and approaches to that 
at isolated pier at R/b=\2. Based on the results achieved in this part of present 
investigation, it can be concluded that the downstream pier should be placed at pier 
spacing in the range 6<R/b<\2 since the effect of vortex shedding produced by 
upstream pier is reasonably less in this range of pier spacings. 
5.9 Two Piers at Constant Radial Spacing but Varying Angles of Attack 
5.9.0 Introduction 
Using the data collected from experimental tests in this study on two piers placed at 
constant radial pier spacing R/b=5 and having their line of centres at varying angles to the 
flow direction, the longitudinal and lateral profiles of scour and areal extents of scour are 
plotted in Appendbc-II, Appendix-Ill and Appendix-IV respectively to study the effect of 
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angle of attack on local scour. The experimental investigation reveals that the scouring 
process at two piers placed at constant radial pier spacing R/b^5 and varying angles of 
attack ranging between 0° and 90° involves various scouring mechanisms like, sheltering 
of rear pier by the front pier, shed vortices from front pier and compression of horseshoe 
vortices between the piers. 
5.9.1 Variation of scour depth along flume length 
The data on scour depths collected in this study around two piers placed at constant radial 
pier spacing R/b=5 and having their line of centres at varying angles to the flow direction 
are plotted along centre line of flume in flow direction as shown in Appendix-II. It can be 
seen that the longitudinal profiles of scour are highly unsymmetrical about the 
longitudinal axis of the flume except at angles of attacks a=0° and 90". The longitudinal 
profiles show that the effect of mutual interference remains at all angles of attack. 
Some distinctive cases of longitudinal profile of scour and areal extent of scour are 
considered fro analysis and discussion in this part of present study. In order to have a 
better insight into the scouring at piers placed at constant radial pier spacing and varying 
angles of attack, the photographs showing scour and deposition features on the bed 
around the piers taken at the end of each experiment. The photographs for some 
distinctive cases are shown in Figs. P13 & P14. 
5.9.2 Scour depth at front and rear piers 
The scour depths around front and rear piers are marked in the longitudinal scour profiles as 
shown in Appendix-II. The scour depths observed at the upstream face of piers relative to 
the scour depth observed at upstream face of an isolated pier 'ds/dsj' are plotted against 
angle of attack of flow 'a' as shown in Fig.5.111. It is observed that the scour depth at the 
front pier is not very sensitive to the angle of attack and varies by less than 6% of its value 
at a=0°. However, scour depth at rear pier is more sensitive to the change in angle of attack 
'a' due to the various scouring mechanisms, described above, and being dominant. 
At small angles of attack, (a<15), the scour depth at front pier is affected by the 
reinforcing effect of rear pier whereas the dominant effect at the rear pier is sheltering by 
the front pier. As the angle of attack increases, sheltering of rear pier is reduced and the 
223 
rear pier is affected by the shed vortices, which approach it from the front pier. 
Consequently, scour depth increases reaching to a maximum at 'a' equal to 45°. Scour 
depth reduces when rear pier moves clear of the influence of shed vortices due to an 
increase in angle of attack and approach approximately to that observed at an isolated pier 
as 'a' approaches to 90°. 
- Front pier 
- Rear pier 
30 40 50 60 
Angle of attac)!(degrees) 
Fig. 5.111 Variation of scour depth at front and rear piers 'dscr(f/ds(i)' and 'dscr(r/ds(,j' with 
angle of attack 'a' (where dscr(/) = scour depth at front pier, dScr(r) = scour depth at 
rear pier and dsa )= scour depth at an isolated pier). 
As shown in Fig. 5.111, the scour depths at the front and rear piers at a=0°, are about 1.1 
and 0.96 times, the scour depth of a single pier respectively. The increase in scour depth 
at front pier is due to reinforcing effect of rear pier whereas the sheltering of the rear pier 
causes the decrease in scour depth at rear pier. As the angle of attack increases the scour 
depth at both the piers increases and reaches a maximum at a=45°, however, the scour 
depth at rear pier remains more than that at the front pier. This feature indicates the 
dominance of shed vortices effect on rear pier. At a>45°, scour depth at both the piers 
decreases. This decrement in scour depth occurs as the rear pier moves clear of the 
mfluence of shed vortices due to an increase in angle of attack. At 'a -90°, the scour 
depths at front and rear piers are equal but about 4.5% higher than that of an isolated pier. 
The increment m the scour depth at a=45° indicates the dominance of effect of 
compression of horseshoe vortices between the two piers. 
5.9.3 Variation of bed level between the piers 
The maximum scour depth observed between front and rear piers relative to that at an 
isolated pier are plotted against angles of attack as shown in Fig.5.112. As shown in Fig. 
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5.112, maximum scour depth between the two pier is observed at an angle of attack a=45° 
which decreases thereafter. This increase in scour depth is attributed to the enhancement 
in the scouring strength at rear pier by shed vortices approaching to the rear pier. 
Decrement in the scour depth at angles of attack greater than 45° takes place as the rear 
pier moves clear of the influence of shed vortices. However, the decrement in scour depth 
at an angle of attack equal to 90° is attributed to the disappearance of all effects except 
the effect of compression of horseshoe vortices between the piers. 
30 40 50 60 
Ang of attaclk (degrees) 
90 
Fig. 5.112 Variation of relative scour depth at midway between the front and rear piers 'dScr(niid)/ 
ds(i) with angle of attack (where ds^rimid) = scour depth at middle of the two piers, ds(i) 
= scour depth at an isolated pier). 
For the estimation of scour depths at front and rear piers placed at constant angle of attack 
' a ' and varying radial pier spacing Wb, ANN models are applied to the present 
experimental data. The details of ANN models are given in Tables.6.1 and 6.2 (Chapter 
VI) and are also shovm in ANN architectures Fig. 6.8 (Chapter VI). The scatter grams 
plotted between observed and estimated scour depths are shown in Fig.6.17 (Chapter VI). 
The closeness of data points to the line of best agreement as shown in scatter grams 
indicates the accuracy of the ANN model in predicting the scour depths. The average 
values of correlation coefficient R^ between observed and estimated scour depths at front 
and rear piers for training and testing data sets are 0.9994and 0.9982 respectively. The 
values of rmse between observed and ANN estimated scour depths for front and rear piers 
are 2.499x10"^ and 7.625x10"* respectively. The higher values of R^ and lower values of 
rmse indicate the accuracy of ANN models in predicting the scour depth. 
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5.9.4 Characteristics of scour holes 
Since the knowledge of scour whole dimensions is significant in determining the extent of 
countermeasures needed to prevent/control scour at piers, various parameters explained as 
under using present experimental data are determined. 
To study the scour hole characteristics, upstream length of scour holes at the upstream 
and downstream faces of front and rear piers with respect to the corresponding length of 
scour hole at an isolated pier 'Lshcmff/Lshua)' and 'Lshcnfr/Lshuft) 'are plotted against angle 
of attack 'a 'as shown in Fig. 5.113 and 5.114. 
(a) Length of scour hole at upstream faces of piers 
Fig. 5.113 shows the variation in the length of scour holes at upstream face of front and 
rear piers 'Lshcru(//Lshu(i)' and 'Lshcrufr/Lshuft)' relative to that at an isolated pier with 
angle of attack ' a'. It is observed that the length of scour hole at upstream face of front 
pier at zero degree angle of attack is 2.23% more than the corresponding value for an 
isolated pier. This slight increase in the value of 'Lshcmff/Lshufi)' is mainly due to the 
reinforcing effect of rear pier. At 15° and 30° angles, the values of 'Lshcn (f/Lshufi)' are 
4.5% and 9.1% more, than that at an isolated pier. 
30 40 50 60 
Angle of attack (degrees) 
- Front pier 
- Rear pier 
Fig. 5.113 Variation of relative length of scour holes at upstream faces of front and rear piers 
'Lshcruff/Lshufi)' and 'Lshcrufr/Lshud)' with angle of attack (where Lshcru(f)= length of 
scour hole at upstream face of front pier, Lshcru(r) length of scour hole at upstream face 
of rear pier and Lshu(i) = length of scour hole at upstream face of an isolated pier). 
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To explore the reason behind this increase in the values of 'Lshcru(f/Lshu(i)' and 
'Lshcru(r/Lshu(i)' at angles 15° and 30°, it is experimentally observed that when the two 
piers are misaligned to the flow, a clockwise spiral motion of flow around the line of 
their centres takes place due to which the strength of horseshoe vortex at front pier 
slightly increases. As a result, an additional force drivmg the flow in forward direction 
on the side of piers which are exposed to the flow, is generated which causes an 
increase in scour depth and the corresponding length of scour hole at the upstream face 
of front pier. The intensity of this force increases with an increase in the angle of attack 
and reaches to a maximum at an angle of 45°. Consequently, as shown in Fig. 5.113, the 
values of 'Lshcruo/Lshua)' and 'Lshcni(r/Lshu(i)' are maximum at an angle of 45°. 
However, as the angle of attack fiirther increases, the intensity of this force at front pier 
decreases and the scour depth along with the corresponding length of scour hole at 
upstream face of front pier decreases. 
The relative length of scour hole at rear pier is more sensitive to the angle of attack than 
the front one. As can be seen in Fig.5.113, the value of 'Lshcru(r/Lshu(i)' at rear pier for 
zero degree angle, is about 66.36% of that at an isolated pier. This decrease in the value 
of 'Lshcru(r/Lshu(i)' is due to sheltering of rear pier by the front pier. At angles of attack 
greater than zero degree, the value of 'Lshcn,(r/Lshu(i)' increases and reaches to a 
maximum at a=45°. The shed vortices approaching and striking the rear pier tend to 
increase the strength of horseshoe vortex at rear pier and result in an increase in the value 
of 'Lshcru{r/Lshu(i)'. At a=45°, the length of scour hole at the upstream face of rear pier is 
observed as about 30.4% more, than at an isolated pier. At a>45° the length of scour hole 
at upstream face of rear pier decreases and reaches to that of an isolated pier at a = 75°; 
whereas between a =75° to 90°, the length of scour hole remains unchanged. 
(b) Length of scour hole at downstream faces of piers 
The length of scour holes observed at the downstream face of front and rear piers relative 
to that at an isolated pier 'Lshcrdff/Lshdo)' and 'Lshcrd(r/Lshd(i)' are plotted against the 
angles of attack 'a' as shown in Fig. 5.114. It is observed that the values of 
'Lshcrd(f)/Lshd(i)' and 'Lshcrd(r/Lshd(i)' at the downstream face of piers at zero degree angle 
is 0.31 times of that at an isolated pier. This decrease in the value of 'Lshcrdff/Lshdfij' and 
'Lshcrd(r/Lshd(i)' suggests the dominance of sheltering effect of rear pier by the front pier. 
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- Rear pier 
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Fig. 5.114 Variation of relative length of scour holes at downstream face of front and rear piers 
'Lshcrd(f/Lshd(i)' and 'Lshcrd(r/Lshd(i)' with angle of attack (where Lshcrdff)- length 
of scour hole at downstream face of front pier, Lshcrd(r) length of scour hole at 
downstream face of rear pier and Lshd(ij=\Qn^\\ of scour hole at downstream face of 
an isolated pier). 
As shown in Fig.5.114, the occurrence of longer length of scour hole at the upstream face 
of front pier than that at the upstream face of rear pier for angles of attack in the range 
0°<a<30°, indicates that the point of initiation of maximum force driving the flow 
towards downstream on exposed side of the line joining the centres of front and rear piers, 
lies at the front pier (also evident in Fig. 5.111) in which the scour depths at front pier 
are more than the rear pier at 0°<a<30°. As the angle of attack reaches to 45°, the point 
of occurrence of maximum scour depth shifts towards the exposed side of rear pier as a 
result of which the value of 'Lshcrd(r/Lshj(,)' increases at the rear pier than the front pier. 
This trend of shifting in the occurrence of maximum scour depth continues upto angle 
a^60°. Between a =75° to 90°, the two piers remain almost free from the effect of angle 
of attack of flow which is evident from the occurrence of same value of 'Lshcrdffl/Lshdo)' 
and 'Lshcrd(r/Lshj(,)' at these angles. 
(c) Slope of scour holes at upstream faces of front and rear piers 
The slope of scour holes at the upstream face of front and rear piers with respect to an 
isolated pier 'Sicr(uj/Si(ui)' and 'Sicrfur/Sifuij' are plotted against angle of attack 'a' as shown 
in Fig. 5.115. A mild increase in the values of 'Sicr(u//Si(uo' is observed upto 30° angle. 
The values of 'Si(u/Si(ui)' at a=30° are about 10% more than that of an isolated pier. This 
increase is due to a slight increase in the scour depths and lengths of scour holes at the 
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Fig. 5.115 (chart 8) Variation of slope at upstream faces of front and rear piers 'Sicr(u//Si(m)' and 
'Sicr(ur/Si«w)' with anglcs of attack (where Sicr(uj) = slope of scour hole at upstream face 
of front pier, Sicr (ur) = slope of scour hole at upstream face of rear pier and Si (ui) = 
slope at upstream face of an isolated pier). 
Fig.5.109 also indicates that with an increases in 'a' upto 45°, the scour depth at front pier 
slightly increases but the length of scour hole, as observed in Fig. 5.113, considerably 
increases, as a result, the value of Sicr(u/)/Si(ui) decreases but remains very close to that of 
an isolated pier. At rear pier, the scour depth and length of scour hole simultaneously 
increases in the same proportion as a result of which the resulting slope 'Sicr(ur/Si(ui)' at the 
upstream face of rear pier is less but very close to that of an isolated pier. It is observed in 
Fig. 5.115 that at angles greater than 45°, the slope of scour holes 'Sicr(uf/Si(ui)' and 
'Sicr(ur/Si(ui)' at upstream face of both the piers decrease and reach to slightly greater than 
that of an isolated pier at angle a =90°. 
Table 5.5 Relative Scour Depth, Length of Scour Hole and Slope of Scour Hole at 
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(d) Slope of scour holes at downstream faces of front and rear piers 
The slopes of scour holes at the downstream face of the piers relative to that of an isolated 
pier 'Sicr(du/Si(di)' and 'Sicr(dr/Si(di)' are plotted against angles of attack 'a' as shown in Fig. 
5.116. A large difference in the values of 'Sicrfdu/Sifdo' and 'S/crfdr/Sifdi)' for front and rear 
piers at zero degree angle indicates that 'Sicr(du/Si(di)' and 'Sicr(dr/Si(di)' are more sensitive 
to the angle of attack. At downstream faces of the piers, the values of % (d/S/ (di)' are 
about 3.3 and 2.68 times more than at an isolated pier respectively. Appendix-II shows 
the scoured portion between piers for zero degree angle of attack. 
- Front pier 
- Rear pier 
-==8= 
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Fig. 5.116 Variation of slope at downstream faces of front and rear piers 'Sicr(dfi/Si(d,,' and 
'Sicr(jr/Si,ji)' with angles of attack (where Sicr/dfi = slope of scour hole at downstream 
stream face of front pier, Sicridr) = slope of scour hole at downstream stream face of 
rear pier and Sifdi) = slope at downstream stream face of an isolated pier). 
The peak formed by the sediment deposited on the bed between piers separates the 
boundary between the scour holes at downstream face of front and upstream face of rear 
piers. The length of scour holes at the downstream face of front and rear piers is observed 
to be same Fig 5.114 but the scour depth at downstream face of front pier is greater than 
at downstream face of rear pier Fig 5.111. As a result, the value of 'Sicr(dfi/Si(di)' at the 
downstream face of front pier is more than the rear pier and thus the value of 'Sifdj/Si (di)' 
at front pier is noticed to be more than the corresponding value at rear pier. As the angle 
reaches to 15°, the length of scour hole observed at the downstream face of front pier 
becomes more than the rear pier (see. Fig. 5.114). As a result, the value of 'Sicr(dfl/Si(d,)' at 
front pier is less than that at rear pier. Similar trend is observed at angle of 30°. However, 
at 45° angle and onward, the values of 'Sicr(dj/Si(di)' remain constant and are close to that 
of an isolated pier. 
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(e) Length of sediment deposition at downstream faces of front and rear piers 
The lengths of sediment deposition at the downstream face of front and rear piers with 
respect to that occurring on downstream face of an isolated pier 'Ldepcrff/LdepO)' and 'Ldepcr 
(r/Ldep{i)' are plotted against angles of attack as shown in Fig. 5.117. 
- Front pier 
- Rear pier 
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Fig.5.117 Variation of length of sediment deposition at downstream faces of front and rear piers 
relative to that at an isolated pier 'Ljepcrr(f/Ldep(,/' and 'Ljcpcr(r/Ldep(i)' with angle of 
attack (where Ldepcr(o= length of sediment deposition at downstream face of front pier, 
Ldepcr(rr length of sedimcnt deposition at downstream face of rear pier and Ljepo) = 
length of sediment deposition at the downstream face of an isolated pier). 
The sediment deposition at a = 0° does not occur at the downstream face of front pier 
however, the length of sediment deposition at downstream face of rear pier is about 
12.5% more than at an isolated pier. Fig.5.117 illustrates the length of sediment 
deposition to be more at 15°, 45°, and 75° (i.e., odd angles) and less at 30°, 60° and 90° 
(i.e., even angles) and the maximum length of sediment deposition is observed at 45° 
angle. At the downstream face of rear pier, the length of sediment deposition at angles 
0<a<90 remains more than those occurring at an isolated pier. The length of sediment 
deposition at the downstream face of rear pier remains less upto 15°, more in between 
angles 15°<«<75° and becomes equal at a=90° when compared to an isolated pier. These 
variations in length of sediment deposition occur due to changes occurring in the flow 
pattern in accordance to the change in angle of attack. 
(f) Area of scour extent around the front and rear piers 
Using the data collected in this study, the areal extents of scour around two piers are 
plotted as shown in Appendix-IV. It can be seen that except at a=0° and 90°, the areal 
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extents are unsymmetrical about the longitudinal axis of the flume. As an example, the 
areal extent of scour for angle of attack of 30° is presented in Fig. 5.118 which is 
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Fig. 5.118 Areal of extent of scour around front and rear piers placed at constant radial pier 
spacing R h and angle of attack=60° 
The areas of scour extent relative to the area of scour extent around an isolated pier 'A/Ai' 
are plotted against angles of attack 'a' as shown in Fig. 5.119. 
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Fig. 5.119 Variation of relative area of scour extent around front and rear piers 'Ac/At' with 
angle of attack (where Acr = area of extent of scour around front and rear piers, A, = 
area of extent of scour around an isolated pier). 
It is observed that the relative area of scour extent 'A/Ai' at zero degree angle is about 
86% of that at an isolated pier. This decrease in the area of scour extent is due to the 
interplay of reinforcing effect of rear pier and sheltering effect of front pier. Upstream 
pier shelters the downstream pier and causes a decrease in velocity of flow approaching to 
the rear pier. As a result, the wake vortices become weak in transporting scoured bed 
232 
material to a larger extent. At «=15°, the area of scour extent increases to about 7% more 
than that of an isolated pier. This increase is attributed to the flow mechanism that occurs 
at two piers misaligned to the flow. When the flow approaches the two misaligned piers, 
the shed vortices passing from front pier strike the rear pier and cause an increase in the 
velocity of flow approaching to the rear pier. As a result, the strength of vortex system at 
rear pier increases and the scoured bed material is transported to a larger extent by the 
wake vortices. Between 15° and 30° angles, there occurs a minimal increase in area of 
extent as compared to that at 15° angle. This shows a small increment in the strength of 
wake vortices as compared to that at 15° angle. The area of scour extent is found to be 
maximum (about 22% more than of an isolated pier) at a=45°. This increase is the result 
of enhancement in the strength of wake vortices caused by approachment of shed vortices 
directly to the rear pier. Between 60° and 90°, the area of scour extent fluctuates around 
about 1.06. This reduction beyond 45° angle indicates the decrease in strength of wake 
vortices as the shed vortices pass away from the rear pier. 
(g) Width of scour holes at front and rear piers 
The widths of scour holes at upstream face of front and rear piers relative to that an 
isolated pier 'w/cro/w,' and ''W2cr(r/'Wi' are plotted against angle of attack 'a' as shown in 
Fig. 5.120. At zero degree angle, the width of scour hole at front pier 'w/crcj/w,' is slightly 
more than that of an isolated pier. This slight increase in the value of wicr(r/wi is due to an 
increase in the scour depth caused by the reinforcing effect induced by the rear pier. 
However, at rear pier, the value of w/vv, is 0.98 times of that for an isolated pier. This 
decrease in the value of ''W2cr(r/wi' is caused due to a decrease in the scour depth resulting 
from the sheltering of rear pier. When the piers are misaligned to the flow, the shed 
vortices of front pier pass closer to the rear pier due to which the velocity of flow 
approaching the rear pier increases and thus the strength of horseshoe vortex increases. 
When a=45°, the shed vortices of front pier approaches straightforwardly to the rear pier 
and causes the maximum increase in strength of horseshoe vortex thereby resulting in a 
maximum increase in scour depth at rear pier. The values of w/Zw/and w /^vv, increase with 
an increase in the angles of attack and reaches to a maximum at angle 45°. At angles 
between 45° and 75°, the shed vortices pass relatively away from the rear pier due to 
which strength of horseshoe vortex at rear pier decreases. 
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Fig.5.120 Variation of relative width of scour holes of front and rear piers 'w/tTo/w/' and 
'"W2cr(r/w,' with angles of attack (where Wurfj) = width of scour hole of front pier, 
yv2cr(r) = width of scour hole of rear pier and w, = width of scour hole of an 
isolated pier). 
Consequently the value of ''W2cr(r/wi' W2/wi decreases but remains more than that of an 
isolated pier. At a=90°, the values of w//w,and W2/wi become equal but remain 4% more 
than that of an isolated pier. This slight increase in the values of vv/Av/ or M'2/wj is caused 
due to compression of horseshoe vortices between two piers. 
The facial appearance of the bed around the piers shown in Figs. P13 & P14 validate the 
analysis of results on scour characteristics discussed above for the piers placed at constant 
radial pier spacing and varying angles of attack. 
5.9.5 Temporal variation of scour depth 
The data on temporal variation of scour depth colleted on two piers placed at constant 
angle of attack and varied longitudinal pier spacings re given in Appendix-I. The plots of 
these data (not shown here) reveal that the rate of scour at downstream pier remains more 
than that at upstream pier due to the increased strength of horseshoe vortex caused by the 
approachment of flow from upstream piers to the downstream pier at some angle of 
attack. The data in Appendix-I reveal that the temporal scour depth variation curve for 
downstream pier lies above the temporal variation curve for upstream pier up-to pier 
spacing R/b=\\. However, at R/h=\2, the temporal variation curves for upstream and 
dowTistream piers almost coincide with each other signaling that the two piers become 
free of the mutual interference. 
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5.9.6 Concluding remark 
The scouring process at two piers placed at constant radial pier spacing R/b=5 and varying 
angles of attack ranging between 0° and 90° involves various scouring mechanisms like, 
reinforcing effect of rear pier, sheltering of rear pier by the front pier, shed vortices from 
front pier and compression of horseshoe vortices between the piers. Depending on the 
angles of attack, there is dominance of some effects over the others. At zero degree angle, 
the reinforcing, vortex shedding and sheltering effects affect the local scour at front and rear 
piers. At a>0°, all the effects (i.e., reinforcing, sheltering, shed vortices and compression of 
horseshoe vortices) play their roll in influencing the local scour at front and rear piers. At 
a=90°, however, front and rear piers are influenced mutually by the compression of 
horseshoe vortices only. Based on the results achieved in this part of present study, it can be 
concluded that the rear pier can be placed at angle of attack cif<15° as various hydraulic 
effects interplaying between the two piers have little impact on scour depth at rear pier, 
however, the scour depth at front pier leftovers about 10 % higher than that at an isolated 
pier owing to reinforcing effect induced by the rear pier. Placement of rear pier at angle of 
attack greater than 45° in any case should, however, be avoided as the scour depth at front 
and rear pier remains maximum at this angle of attack. 
5.10 Local Scour at a Group of Circular Piers of Varying Sizes 
5.10.0 Experimental depiction of local scour around a group of circular piers of 
varied sizes aligned at different angles of attack (a). 
(a) Piers group without collar 
At zero degree angle of attack, flow was symmetrical about the longitudinal axis of the 
piers group and, throughout the test duration, the depth of scour remained maximum at 
the nose of upstream smallest diameter pier. At a>0°, however, approach flow was 
asymmetrical about longitudinal axis of piers group and the sediment scoured from 
around the piers group was observed moving around the piers group in clockwise 
direction. The location of occurrence of maximum scour depth around the piers group 
without a collar, was also changing with angle of attack as shown in Fig.5.121 The 
maximum scour depth at 7.5° and 10° angles of attack, occurred at points 'A' and 'B' 
respectively in the vicinity of right face of upstream smallest diameter pier, whereas at 
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15°angle, the maximum scour depth was observed at point 'C in close vicinity of right 
face of largest pier diameter. At angle of attack of 30°, the maximum scour depth was 
observed at point 'D' towards the right face of upstream smallest diameter pier at a 
distance of 2.5 cm from nose of smallest diameter pier. 
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Fig. 5.121 Location of maximum scour depth around piers group without collar aligned at 
different angles of attack. 
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The facial appearance developed on the bed around the piers group without a collar at the end 
oftests at angles of attack 0°, 7.5°, 10°, 15° and 30°, is shown in Figs. P15, P16, P17 and P18 
respectively. Fig. PI shows scour and deposition patterns around an isolated 415 mm pier. 
(b) Piers group with collar 
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Downstream 
left comer 
Fig. 5.122 Piers group with collar aligned at an angle of attack ' a ' 
Experimental depiction of local scour around a group of cu-cular cylindrical piers of 
varied sizes with collar aligned at different angles of attack ' a 'is summarized below. 
5.10.1 Angle of attack (a) = 0° 
Durii^ ten hours experimental run at 0° angle of attack, no sign of scour around the collar was 
noticed which indicates complete shielding of sediment bed by the collar against the action of 
down flow, horseshoe vortex and wake vortices. The fecial appearance of the sediment bed 
around the piers group with a collar at the end of test is shown in Fig. PI 5. It is noteworthy that 
the sediment bed around the collar remained perfectly plain till the end of the test. 
Fig. P15: Scour and deposition patterns around a group of piers of 
varying sizes at a=0° (A) Without collar (B) With collar 
Fig. P16: Scour and deposition patterns around a group of piers of 
varying sizes at a=10° (C) Without collar (D) With collar 
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5.10.2 Angle of attack (a) =7.5° 
Upto 60 minutes from the commencement of experiment at 7.5° angle of attack scour did 
not occur, however, soon after, a few sediment particles got eroded at the downstream 
edge of collar by the incoming flow due to which thickness of collar was slightly exposed 
in a length segment 'L' as shown in Fig. 5.123. In next 60 minutes, scour did not progress 
further, however, thereafter, thickness of collar in length segment X/' on either end of 
length 'L', got partially visible. No scour hole of any depth around the collar was noticed 
till the end of experimental run. 
Flow 
Fig. 5. 123 Piers group with collar at 7.5° angle of attack 
5.10.3 Angle of attack (a=10°) 
Upto 60 minutes from the start of experiment, no sign of scour around the collar were 
noticed, however, thickness of collar got exposed only at point 'A ' shown in Fig.5.124 
Flow 
Fig.5. 124 Piers group with collar at 10° angle of attack 
At the end of experiment, maximum scour depth was noticed at downstream side of collar 
at a distance of 1.5 cm from 33 mm diameter pier of piers group. The areal extents of 
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Fig.5.125 area! extent of scour at a= 10° (a) '••^ without collar (b) ( ^ ^ with collar 
It can be noticed that the application of collar to the piers group causes significant 
reduction in the area of scour extent which in turn, causes considerable reduction in the 
cost to be incurred on the scour countermeasures for the safety of piers group against 
local scour. The photograph showing scour and deposition patterns developed around the 
piers group with and without collar at the end of experimental runs can be seen in Fig.P16. 
These photographs corroborate the analysis of results discussed in the section 5.10.3. 
5.10.4 Angle of attack (a) =15° 
Fig. 5.126 shows piers group with collar aligned at 15° angle of attack. When the 
experiment started, scour commenced and after 10 minutes, and a small scour hole 




depth at point 'A' 
Fig. 5.126 Piers group with collar at 15° angle of attack 
Fig. P17: Scour and deposition patterns around a group of piers of 
varying sizes at a=15° (E) Witliout collar (F) With collar 
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The bed material scoured from this scour hole got deposited on left side this scour hole. With 
the passage of time, scour progressed from downstream side of collar towards the upstream 
side of collar. After 90 minutes, scour then progressed towards downstream end of collar. 
At the end of test run, the maximum scour depth was observed at downstream end of 
collar (point A) at a distance of 2 cm from 33 mm diameter pier of piers group. The areal 
extents of scour developed around piers group without and with collar at the end of 
experimental run are shown in Fig. 5.127 
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Fig. 5.127 Areal extent of scour at a = 15° (a) •••^without collar (b) (^S)with collar 
This figure shows that how the areal extent around piers group with a collar differs from 
that without a collar, in shape and size. As appears in Fig.5.127 area of scour extent 
around the piers group gets reduced considerably due to application of collar. 
The scour and deposition features developed around the piers group with and without 
collar at the end of experiment can be noticed in Fig. PI 7. As observed in Figs. 127(a, b) 
and Fig. PI7 the application of collar at piers group at ar= 15°, causes considerable 
reduction in the area of extent of scour, which in turn causes significant reduction in the 
cost of scour countermeasures required for pier protection. 
5.10.5 Angle of attack (a) = 30*' 
Initially, scour commenced at three points, namely, along 1/3''' length of downstream 
side of collar (point B), at upstream right corner of collar (point A) and at 
downstream right comer of collar (point C) as shown in Fig 5.128 Then after, scour 
progressed towards downstream side of collar (point F). Within 5 minutes of starting 
the experiment, bed material from the immediate vicinity of the edge of collar al-
around its perimeter except the downstream left side corner, was scoured; however. 
Fig. P18: Scour and deposition patterns around a group of piers of 
varying sizes at a=30° (G)Without collar (H)With collar 
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the consequential scour depth was of the order of collar thickness. After one hour, two 
small scour holes, one on right side of collar (points G) and other on left side of collar 
(point H), were developed. At the end of test run, scour hole developed al-around the 
collar except downstream right comer of collar (point K), where the material scoured 
from around the collar was deposited. Nevertheless, the sediment in the close vicinity 
of piers group beneath the collar was not removed. The maximum scour depth at the 
end of experiment was observed at Point A Photographs shown in Fig. PI 8 taken at 
the end of experimental run depict a scour hole all around the collar except 
downstream end of collar where material beneath the collar was not disturbed. 
Flow 
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Fig. 5.128 Piers group with collar at 30° angle of attack 
The areal extents of scour developed around piers group without and with collar 
plotted after the completion of experimental run are shown in Fig. 5.129 which reveals 
that, though, the effectiveness of collar relatively gets reduced at larger angle of 
attack, nevertheless, the area of scour extent remains less than that without collar. 
In order to analyze the experimental resuhs obtained in present study on the 
application of collar around a group of piers of varying diameters, important elements 
of scour like, temporal development of scour depth, lateral profile of scour depth, 
areal extent of scour, length and height of sediment deposition and the maximum 
scour depth and location of its occurrence around the group of piers with and without 
collar aligned at varying angles of attack, are studied. Also, scour depth reduction 
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Fig.5.129 areal extent of scour at a= 30° (a) ^•^ without collar (b) (^S)\vith collar 
5.10.6 Scour depth at piers group without collar 
As the objective of this part of research is to provide a cost-effective design of a pier, an 
alternative to a round-nose rectangular pier {L/b=4) is examined by using a group of 
circular piers of varying sizes (Fig. 5.130) in which the maximum diameter of pier is 
equal to the width of pier (6=4.15cm) and the length of piers group is equal to the length 
of round-nose rectangular pier {L=4b). 
Fig.5.130 Round-nose rectangular pier and a group oft circular piers of varying diameters, both 
of same length to width ratio 4:1. 
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The results are analyzed by plotting scour depths observed around piers group with 
respect to the scour depths around a round-nose rectangular pier against angles of attack 
as shown in Fig. 5.131 
15 20 
Angle of attack (degrees) 
30 
Fig. 5.131 Variation of maximum scour depth at piers group without collar relative to the scour 
depth at round-nosed rectangular pier 'dSpg(voc)lds(rectp)' with angles of attack (where 
dspg(woc) = maximum scour depth at group of piers without collar, ds(recipr scour depth 
at round-nose rectangular pier.) 
It is noteworthy that at an angle a =0°, the relative scour depth 'dspgf„oc)lds(recip)' is 62 
% of that at round-nose rectangular pier. Between 0° and 7.5° angles, the relative 
scour depth remains nearly constant, however, beyond 7.5°, it increases linearly and 
at 15° angle. The maximum scour depth observed at this angle is about 85% of that at 
round-nose rectangular pier. At 30° angle, the scour depth at piers group nearly equals 
to that of round-nosed rectangular pier. 
The reduction in relative scour depth shown in Fig. 5.131 suggests that upto 7.5° 
angle, the smallest diameter pier at upstream end of the piers group acts like a sharp 
edge object which breaks the vortex tube approaching to the piers group in two parts 
and resuhs in the development of a weak horseshoe vortex around the piers group 
model and thereby results in shallower scour depths. However, as angle of attack 
increases, the bluntness of piers group increases and hence scour depth increases. At 
a =30°, piers group loses significance of its shape in reducing the scour depth as 
compared to that of round-nosed rectangular pier. 
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5.10.7 Scour depth at piers group with collar 
The scour depths at piers group with collar relative to that of without collar; 
'dswc/ds^oc' are plotted against angles of attack as shown in Fig. 5.132 It is noticed 
that the value of scour depths ratio 'clswc/dswoc' remains unchanged viz., zero, and upto 
7.5° angle. Thereafter, it increases with angle of attack. Nonetheless, at 30° angle the 
value of 'dswc/dsyvoc' remains as low as 0.58. 
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Fig. 5.132 Variation of maximum scour depth at piers group with collar relative to the maximum 
scour depth without collar 'dsg(,^c) dsgf^oc/ with angles of attack (where dsgi^^o = 
maximum scour depth at piers group without collar, dsg(vc) = maximum scour depth at 
piers group with collar). 
The variation of scour depth shown in Fig. 5.132 indicates that upto 7.5° angle, the 
collar completely shields the sediment bed around piers group against the impinging 
of down-flow and deflects the flow, results in the formation of horseshoe vortex on 
the rigid surface of the collar plate which does not allow the horseshoe vortex to sink 
into the sediment bed in the vicinity of piers group and thus causes zero scour depth 
around the piers group. As the angle of attack increases, the upstream end of piers 
group becomes relatively blunter due to which the size of the horseshoe vortex 
increases and causes more scouring around the collar plate. With fiirther increase in 
angle of attack, size of the horseshoe vortex goes on increasing, as a result, the 
shielding effects of the collar goes on reducing and scour depth around the piers group 
goes on increasing. 
As regards to the prediction of the scour depth around the piers group, an ANN model 
with details given in Tables 5.1 and 5.2 (Chapter 5-II), has been applied to the observed 
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experimental data for the estimation of scour depth at this group of piers with & without 
collar and aligned at varied angles of attack. Scatter grams shown in Fig.6.20 (Chapter 
VI) and ANN architectures shown in Fig.6.9 (Chapter VI) reveal an excellent agreement 
between observed and ANN estimated scour depths. Higher values of the correlation 
coefficient R^and lower values of rmse mentioned in Tables 6.1 and 6.2 Chapter VI) 
also indicate the goodness of ANN models in predicting the scour depth. 
5.10.8 Efficiency of collar in the reduction of scour depth at piers group 
Fig.5.133 shows percent reduction in the scour depth at varied angles of attack due to 
the application of collar to piers group. Upto 7.5° angle, a 100% reduction in the scour 
depth is observed. To ascribe a reason for this, it is worth mentioning that the smallest 
diameter piers at upstream end of the piers group acts like a sharp edge object and 
breaks the vortex tube approaching to the piers group which resuUs in the formation of 
a weak horseshoe vortex around the piers group. Also, as the down-flow impinges on 
the collar plate, the down flow is incapable to scour the sediment bed. As the angle of 
attack increases beyond 7.5°, the percent reduction in scour depth goes down and 
reaches to 42% at 30°angle. This decrease is credited to the increase in the size of 
horseshoe vortex with an increase in bluntness of piers group at larger angle of attack. 
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Fig. 5.133 Variation of percentage reduction in the maximum scour depth at piers group due to 
the application of collar f(dspg(^„c)-dspg(^ci)/dsgp(„oc)jxioo % with angle of attack (where 
= scour depth at piers group without collar, dspg^^c) scour depth at piers group 
with collar). 
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5.10.9 Location of occurrence of maximum scour depth around piers group with 
and without collar 
Throughout the experimental run, the maximum scour depth at piers group without 
collar at 0° angle occurred at the upstream face of piers group. However, at angles of 
attack a=7.5° and 10°, the maximum scour depth occurred in the vicinity of smallest 
diameter pier near the side of piers group facing towards the flow. At a =15°, the 
maximum scour depth occurred in the vicinity of largest size pier near the piers group 
side facing towards the flow. At a =30°, the maximum scour depth occurred at the 
piers group side facing towards the flow, at a distance of 2.5 cm from the largest 
diameter pier. 
5.10.10 Characteristics of scour hole 
Since the knowledge of scour hole dimensions is important in determining the extent 
of countermeasures needed to reduce scour at piers, various relevant parameters are 
analyzed using present experimental data. 
In order to study the scour and deposition patterns around the piers group, the length 
of scour holes at upstream and downstream faces of the piers group, width of scour 
holes, length of sediment deposition, maximum height and location of sediment 
deposition are analyzed herein. 
(a) Length of scour holes at upstream and downstream faces of piers group 
without collar 
The relative length of scour holes at upstream face of piers group 'LshJLshu(Q°)' and 
downstream face of piers group 'LshcilLshd((i°)' without a collar are plotted against 
angles of attack as shown in Fig. 5.133. It is noticed that as the angle of attack 
increases, the values of 'LshJLshu(o°)' and 'LshdlLshd(Q°)' increases on upstream and 
downstream sides of piers group respectively. 
This increase is attributed to the increase in the frontal width (projected width) of 
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Fig.5.134 Length of Scour Holes on Upstream and Downstream of Piers group Without Collar 
(where L,ff,u and Lshd= Length of scour holes at upstream and downstream ends of piers 
group at an angle of attack respectively and Lshu(Q°) = Length of scour hole at 
upstream face of piers group at zero degree angle of attack). 
At upstream end of piers group, the relative length of scour hole 'LshJLshu<o°)' at 30° angle 
is 3.53 times more than that is observed at 0° angle, while the relative length of scour hole 
'Lshd/Lshdif)°)' at downstream end of piers group, is about 9.14 times more than that is 
observed at 0° angle of attack. As shown in Fig.5.134 the values of 'LshJLshuio°)' and 
'LshdlLshd(Q°)' at upstream and downstream ends of piers group are same at 0° angle . 
(b) Length of scour hole at downstream end of piers group with collar 
The length of scour hole at piers group with collar with respect to that without collar 
'Lsh(wc)/Lsh(woc)' are plotted against angles of attack as shown in Fig. 5.135. 
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Fig. 5.135 Variation of Length of scour holes at downstream end of piers group with collar 
relative to the corresponding length without collar 'Lsh(wc)Lsh(woc)' with angles of 
attack(where, Lsh(wcr length of scour hole at downstream end of piers group with 
collar, Lsh(,,c) = length of scour hole at downstream end of piers group without collar). 
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An increasing trend in the value of 'Lsh(wc)/Lsh(woc)' with angle of attack is observed; 
however, as compared to the length of scour hole at downstream end of piers group 
without collar, the length of scour holes at downstream end of piers group with collar, 
reduces considerably. Even, at 30° angle, the length of scour hole at downstream of piers 
group with collar is 70% less than that of without collar. This decrease is attributed to 
reduction in strength of wake vortices due to the shielding of sediment bed by the collar. 
(c) Length of sediment deposition at downstream end of piers group with and 
without collar 
The lengths of sediment deposition at downstream end of piers group with and without 
collar are plotted against angle of attack as shown in Fig.5.136 It is observed that the 
length of sediment deposition at downstream end of piers group with and without collar 
increases with angle of attack, however, the lengths of sediment deposition with collar are 
less than that of without collar at all angles of attack. Comparison of two curves in Fig 
5.136 clearly shows that the application of collar has significant effect in the reduction of 
length of sediment deposition. 
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Fig. 5.136 Variation of length of sediment deposition at downstream end of piers group without 
collar with angles of attack 'a'. 
The length of sediment deposition at piers group aligned at various angles of attack with 
respect to that aligned at 0° angle 'Ldep(ang)/Ldep(zang)' are plotted against angles of attack as 
shown in Fig.5.137 In general, an increasing trend in the relative length of sediment 
deposition is observed. The reason for this increment is the increase in the frontal width 
of piers group at higher angles of attack. The relative length of sediment deposition at 30° 
angle is as high as 6.9 times more as that at 0° angle. 
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Fig. 5.137 Variation of length of sediment deposition at downstream end of piers group witliout 
collar at an angle of attack relative the corresponding length at zero degree angle of 
attack 'Lj^p(ang./Ljep(zdeg/ (wherc, Z,je;,^ a„g^ =length of sediment deposition at 
downstream end of piers group at an angle of attack, Ldep(zjegr 'ength of sediment 
deposition at downstream end of piers group at zero degree angle of attack). 
(d) Length of sediment deposition at downstream end of piers group with collar 
The percent reduction in the length of sediment deposition at downstream end of piers 
group with collar is plotted against angles of attack in Fig. 5.138 As discussed in section 
5.10.1 of this Chapter; the collar plate at 0° angle completely shields the sediment bed 
around piers group against scouring. As a result, a 100% reduction in the length of 
sediment deposition is observed. However, as the angle of attack increases, percent 
reduction in length of sediment deposition decreases. As the angle of attack approaches to 
10°, percent reduction goes down to 59.1%. The rate of this decrement is comparatively 
more upto 10° angle. Beyond 10° angle, the rate of percent reduction gradually slowed 
down upto 30° angle. This decrease in percent reduction is ascribed to the increase in 
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Fig.5.138 Variation of length of sediment deposition at downstream end of piers group with 
collar versus angle of attack 'a' 
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(e) Height of sediment deposition at downstream end of piers group with and 
without collar 
For no collar around piers group, the maximum heights of sediment deposition at 
downstream end of piers group at varied angles of attack are plotted with respect to 
that at 0° angle as shown in Fig. 5.139 It can be seen that the height of sediment 
deposition increases with an increase in angles of attack. The reason for this 
increment is the increase in frontal width of piers group at larger angle of attack 
which causes more scouring and sediment deposition around the piers group. 
8 I s 8 
° I -o J 8 | St 
S " E " 
1 1 s 
0) C W 
z S i 
To fc I 
10 15 20 
Angle of attack(degrees) 
Fig. 5.139 Variation of relative distance of occurrence of maximum sediment deposition 'Ljep(ang) 
/Ljep/zdegj' at downstream end of piers group with collar at an angle of attack (where, 
Ljep(anf;>= distancc of point of occurrence of maximum sediment deposition at angle of 
attack and Ljep(zdeg)= distance of point of occurrence of maximum sediment deposition 
at zero angle of attack) 
(f) Location of occurrence of maximum deposition of sediment at downstream end 
of piers group without collar 
The distances of point of occurrence of maximum height of sediment deposition from 
the downstream end of piers group are plotted against angles of attack as shown in Fig. 
5.140 It is observed that the distance of occurrence of maximum height of sediment 
deposition increases with angle of attack. The reason for this is the more scouring 
around the piers group resuhing from increased frontal width of piers group at larger 
angles of attack. 
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Angle of attack (degrees) 
Fig. 5.140 Variation of point of maximum deposition of sediment at downstream end of piers 
group without collar with angles of attack. 
(g) Location of occurrence of maximum deposition of sediment with collar 
The distances of point of occurrence of maximum height of sediment deposition from the 
downstream end of piers group with collar, are plotted against angles of attack as shown 
in Fig. 5.141. It is observed that as the angle of attack increases, the location of 
occurrence of maximum height of sediment deposition shifts downstream. This is 
attributed to the formation of strong wake vortices due to the increase in the frontal width 
of piers group at larger angles of attack. 
Angle of attack (degrees) 
Fig. 5.141 Variation of point of occurrence of maximum sediment deposition at downstream end of 
piers group with collar corresponding to without collar with angles of attack (where, 
Dismaxjep („cj = distance of point of maximum sediment deposition with collar and 
Dismaxdep(woc) = distance of point of maximum sediment deposition without collar). 
The distance of occurrence of maximum sediment deposition at downstream end of piers 
group with collar 'Hdep (wc)' with respect to that without collar, 'Hdep (wc) 'I 'Hdep (woe)' are 
plotted against angles of attack as shown in Fig. 5.142. It is observed that the value of 
this ratio increases with angle of attack; however, it remains much below unity, which is 
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indicative of the shielding effect of collar plate on the sediment bed due to which lesser 
amount of sediment gets scoured from the sediment bed and deposited on the bed 
downstream of piers group. 
10 15 20 
Angles of attack (degrees) 
Fig. 5.142 Variation of maximum height of sediment deposition at downstream end of piers 
group with collar relative to the corresponding height without collar 'Hdep(wc)'/ 
'Hjep(woij' with angles of attack (where, Hj.pfy,,-) = maximum height of sediment 
deposition at downstream end of piers group with collar and //jep^ wuc; = maximum 
height of sediment deposition at downstream end of piers group without collar). 
(h) Areal extents of scour 
The areal extents of scour for various angles of attack are plotted as shown in Appendix-IV. 
It can be seen that the areal extent of scour is symmetrical about the piers group at a =0°. 
However, the areal extents of scour developed at a >0°, are asymmetrical in shape. 
The percent reduction in the areas of extent due to the application of collar is plotted 
against angles of attack as shown in Fig. 5.143 It is observed that the application of 
collar at piers group aligned at 0°angle shields completely the sediment bed around 
the piers group against the action of down-flow and the horseshoe vortex and causes, 
therefore, 100% reduction in the area of scour extent. At a>0° angle, the frontal width 
of piers group increases which results in the formation of larger size horseshoe vortex 
and stronger wake vortices around the piers group that erodes the sediment bed around 
the piers group and causes sediment deposition over a larger area. As a result, the area 
of scour extent around the piers group with collar, increases and percent reduction in 
area of scour extent caused by the collar, decreases and reaches to about 38% at 30° 
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Fig.5.143 Angles of attack versus percent reduction in areas of extent with collar '(Apg(y,oc)-
Apg(y,c))/'^ps(woc)' with angle of attack(where, Apg(y,oc) =area of scour extent around piers 
group without collar and Apg(y,oc) = area of scour extent around piers group with collar). 
(i) Width of scour holes 
The widths of scour holes at upstream and downstream ends of piers group without collar 
are plotted against angles of attack as sown in Fig. 5.144 It is observed that the widths of 
scour hole at downstream end of piers group are more than that at upstream end at all 
angles of attack. This increase in scour hole widths at downstream end of piers group is 
ascribed to the increased scouring strength of wake vortices, which shed from both sides 
of largest size pier in piers group. 
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Fig.5.144 Angle of attack versus width of scour hole without collar. 
The widths of scour holes at upstream and downstream ends of piers group with collar 
are plotted against angles of attack as shown in Fig. 5.145 It can be seen that the scour 
hole at upstream end of piers group has zero width upto 15° angle; however, at 30° 
angle, the width of scour hole at upstream end increases, nevertheless, remains 
slightly less than that at downstream end. This is because of increased intensity of 
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scouring at downstream end than the upstream end of piers group at larger angles of 
attack. At downstream end of piers group with collar, the width of scour hole 
increases with angle of attack. This is because of the enhancement in the scouring 
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Fig.5.145 Angle of attack versus width of scour hole with collar. 
5.10.11 Temporal development of scour at piers group with and without collar 
The temporal development of scour depth at piers group without collar for varied angles 
of attacks is presented in Fig.5.146 It is observed that for a given time, the scour depth 
increases with angle of attack. This increment is due to the increase in the frontal width of 
piers group with angle of attack 'a'. 
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-<~ Angle of attack =30 degrees 
- o - Angle of attack =15 degrees 
-o-Angle of attack =10 degrees 
-o-Angle of atlack=7.5 degrees 
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Fig.5.146 Temporal variation of scour depth at piers group without collar. 
The temporal development of scour depth at piers group with collar for varied angles of 
attacks is shovm in Fig.5.147 It is evident from this figure that for the same flow 
conditions and angles of attack, the application of collar around piers group, not only 
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causes reduction in the maximum scour depth but also the rate of scouring gets reduced 
considerably. This happens because the collar diverts the down-flow and protects the 
sediment bed from its direct impact. Reduction in the rate of scouring is important as it 
reduces the risk of pier failure when the duration of flood is low. 
- o - A n g l e of attack=30 degrees 
- D - Angle of attack= 15 degrees 
—c^ Angle of attack=10 degrees 
- o - Angle of attack=7.5 degrees 
0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540 570 600 
Time (minutes) 
Fig. 5.147 Temporal variation of scour hole with collar. 
5.11 Local Scour at a Group of two Piers with and without Collar 
5.11.0 Introduction 
This section of present study analyses the experimental observations obtained by using a 
group of two circular piers of 41.5 mm diameter with clear spacing of twice the pier diameter; 
in place of a round-nosed rectangular pier of width 41.5 mm and same length to width ratio as 
that of group of two 41.5 mm diameter piers viz., 4:1 (Fig. 148). The motive of using a group . 
of two circular piers was to provide an alternative to a round-nosed rectangular pier so as to 
have cost effective construction of piers and in addition, bears less impact of approaching 
flow. Raudkivi (1986) in discussing effects of pier alignment also states that the use of 
cylindrical columns would produce a shallower scour as compared to a solid pier. 
16.6 H 8.3 
16.6 
(a) Round nose rectangular pier (b) Group of two circular piers 
H 
Fig.5.148 Round-nose rectangular pier and a group of two circular piers, both of same length to 
width ratio 4:1 
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When scour commences at this group of piers two piers placed at varied alignments 
with respect to the flow direction ranging from 0° to 90°, the reinforcing effect of 
rear pier, shehering effect of front pier, effect of shed vortices from front pier and 
effect of compression of horseshoe vortices between the two piers, come into action. 
However, some of these effects dominate on the other when alignment of piers with 
respect to flow, changes. The spiral flow, which takes place in clockwise direction 
around this group of piers aligned at an angle of attack, induces an additional 
tractive force on the bed material at the base of front pier due to which the scour 
depth at front pier increases. 
In order to analyze the results obtained for scouring around the group of these two 
piers with and without a collar and aligned at varied angles of attack, the 
longitudinal and lateral profiles of scour and the areal extent of scour around the 
piers, are plotted as shown in Appendix-II, Appendix-Ill and Appendix-IV. The 
longitudinal profiles are drawn through front and rear piers along the flume length 
for different angles of attack. Lateral profiles are drawn at nose of the piers group. 
Some distinctive cases of longitudinal and lateral profile of scour and areal extent of 
scour are discussed in this part of study. 
The photographs showing the scour and deposition patterns on the bed around the 
piers taken at the end of experiments are shown in Figs. PI 9 to P25. Throughout the 
test period, the location and magnitude of maximum scour depth was noticed, 
measured and recorded. The analysis of the results achieved in this part of present 
study has been carried out in three phases namely, phase-I experiments with single 
pier, phase-II experiments using group of two piers without a collar and phase-Ill 
experiments using group of two piers with collar. 
5.11.1 Phase-I: Experiments with single pier 
Experiments were first conducted on a single pier to form a basis for the evaluation of effect of 
mutual interference of two piers of this pier group on scour depth due to their proximate 
location. The scour and deposition patterns around 41.5 mm isolated pier are shown in Fig. PI. 
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5.11.2 Experiments on group of two piers with and without collar 
As the motive behind the use of this group of two circular piers with and without a 
collar is to replace a round-nosed rectangular pier of the same width as that of the 
pier diameter {i.e., 41.5 mm), the results are compared with the scour depths 
computed for the round-nosed rectangular pier using existing published method of 
(Zarrati et al., 2004). 
5.11.3 Phase 11: Experiments without collar 
In this phase, 7 tests were conducted on a group of two piers with no collar installed 
around it and aligned at 0°, 15°, 30°, 45°, 60°, 75°, and 90° angles of attack to the 
flow keeping the clear spacing between the two piers equal to twice the diameter of 
pier used in the group The results obtained in this phase of experiments are analyzed 
under the following heads: 
5.11.4 Experiments on piers group aligned with the flow (a= 0°) 
At the start of experiment, the scouring was first noticed at the front pier and 
deposition of the scoured material in the wake of the front pier i.e., at the upstream 
faces of the rear pier. However, when the scour hole of the front pier grew in size, 
the sediment deposited al the upstream face of the rear pier, was observed moving 
downstream and a scour hole was observed forming around the rear pier. 
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Fig.5.149 Areal extents of scour at a=0° (a) \Mthout collar (b) with collar 
Thereafter, the sediment deposited in front of the rear pier was observed sliding 
down into the scour hole of the rear pier. Initially, the rate of scour in front pier 
scour hole was fast, however, when the scour hole of front pier grew in size and the 
scour hole around the rear pier was formed, the scour rate in front pier scour hole 
slowed down and the rate of scour in the rear pier scouf hole increased. After 18 
hours of the test run, variation in scour depth at front and rear piers was negligible, 
and about 90 % of scouring at the two piers occurred in the first four hours. The 
maximum scour depths measured at the front and rear piers were in good agreement 
with the published results (Hannah, 1978). The maximum scour depth occurring at 
the front and the rear piers were 9.1 cm and 7.37 cm respectively. The reason of 
occurrence of shallower scour depth at the rear pier is ascribed to the shielding 
effect of front pier and the deposit of scoured bed material on upstream of rear pier. 
The areal extents of scour plotted around the piers group after test run can be 
depicted in Fig. 5.149. It can be seen that areal extents of scour with and without 
collar are quite different in shape, however, lengthwise; the areal extent of scour 
around piers group without collar is longer. Widthwise, the areal extent of scour 
around piers group with collar is wider. The net effect of collar on area of scour 
extent is insignificant at Qr= 0°. 
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5.11.5 Experiments with the piers group aligned at ( a = 15°) 
At the initial stage of experiment, scouring of sediments was noticed from upstream 
and downstream piers both; however, the rate of scour at the front pier was more than 
the rear pier. After one hour of commencement of experiment, the scour depth was 
observed more at the side of the front pier exposed to the flow as compared to its 
nose, while the scour depth at the rear pier was observed to remain maximum at its 
nose throughout the test duration. 
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Fig. 5.150 Areal extents of scour at a=l5° (a) without collar (b) with collar 
The maximum scour depths at the upstream and downstream piers were 9.5 cm and 9.35 
cm respectively. The deeper scour depth at the downstream pier is caused due to the 
increase in scouring strength around rear pier due striking action of vortices shedding 
from the upstream pier
259 
Areal extents of scour around piers group with and without collar are shown in Fig. 
5.150. It can be noticed that as compared to the piers group without collar, the scour 
extent around piers group with collar is shorter in length and narrower in width. The 
collar, therefore, is effective in reducing the cost of scour countermeasure required for 
the safety of piers group against local scour. 
5.11.6 Experiments with the piers group aligned at (ar= 30°) 
At the start of experunent, scouring was observed at upstream and downstream piers both, 
however, upto 3 hours from starting the experiment, the observed scour depth at the front 
pier remained higher than that at the rear pier. The reason for this is the transport of the 
scoured sediment into the scour hole of the downstream scour hole. Thereafter, the scour 
depth was observed increasing at the downstream pier as compared to the upstream pier. 
The maximum scour depths observed at the upstream and the down stream piers were 
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Though the scour depth at the rear pier was deeper than the front pier, however, the 
difference was not much. The marginal difference between scour depths at front and rear 
piers is indicative of the reduction in the strength of vortices shedding from upstream pier. 
The areal extents of scour around the piers group with and without collar measured after 
test run can be depicted in Fig. 5.151 As regard to the piers group without collar, the areal 
extent of scour around piers group with collar is smaller in area and hence cost effective 
for scour countermeasures required for the safety of piers group against local scour. 
5.11.7 Experiments with the piers group aligned at ( a = 45°) 
Initially, two separate scour holes around the two piers were developed. But after two 
hours from the start of experiment, these two scour holes overlapped each other, 
however these scour holes were discernible by a rim formed between them. 
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Fig.5.152 Areal extents of scour at a=45° (a) \\ithout collar (b) with collar 
The elevation of the rim, between the two scour holes, was lower than the outer edges of 
the two scour holes. The scour depth observed at the rear pier remained higher than the 
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front pier throughout the test duration. The maximum scour depths observed at the 
upstream and downstream piers were 9.75 cm and 10.3 cm respectively. 
The areal extents of scour around the piers group measured after completion of the test 
are plotted as shown in Fig. 5.152. The areal extent of scour around piers group with 
collar is narrower in width but slightly smaller in length and hence smaller m area and 
economical from protection point of view. 
5.11.8 Experiments with the piers group aligned at (a= 60") 
As the experiment commenced, two separate scour holes around the upstream and 
downstream piers were developed. 
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Fig. 5.153 Areal extents of scour at a=60° (a) without collar (b) with collar 
However, the elevation of the rim formed between the two scour holes, was lower than the 
level of the outer edges of scour holes. The scour depth observed at the downstream pier 
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remained higher than the front pier throughout the experimental run. The maximum scour 
depths observed at the upstream and downstream piers were 8.75 and 10.15 respectively. 
The areal extents of scour around the piers group with and without collar after test run are 
plotted and shown in Fig 5.153 As the area of scour extent around piers group with collar 
is significantly smaller than that without collar, collar is considerably economical from 
protection point of view. 
5.11.9 Experiments with the piers group aligned at ( a = 75°) 
As the experiment commenced, scouring of the sediment was observed at upstream and the 
downstream piers. The scour depth observed at the downstream pier remained higher than 
that at the upstream pier throughout the duration of experimental run. The maximum scour 
depths measured at upstream and downstream piers were 9 cm and 10.0 cm respectively. 
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The areal extents of scour around the piers group plotted at the end of experiment can be 
depicted in Fig.5.154. As the area of scour extent around piers group with collar is 
considerably smaller than that without collar, the use of collar is cost effective in piers 
group protection against local scour. 
5.11.10 Experiments with the piers group aligned at (a =90°) 
The iimer arms of the horseshoe vortices around two piers were observed more active in 
removing the material as compared to the outer arms. The reason ascribed for this is the 
compression of inner arms of horseshoe vortices of the two piers. The material from the 
outer side of the piers was observed moving towards the center of the gape between piers 
and then moving out of the scour hole towards the downstream. 
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After one hour of the commencement of experiment, the sediment particles stopped 
moving towards the center and sediment started dislodging and moving directly from 
their existing position in the scour hole. The maximum measured scour depth was 9.6 cm 
at left pier and 9.6 cm at right pier. 
The areal extents of scour arovmd the piers group at the end of test are plotted as shown in 
Fig.5.155. The effectiveness of collar at 90° angle of attack considerably reduces, as the 
areal extents of scour around piers group with and without collar are similar m area. 
The maximum scour depths and location of their occurrence around the piers group for 
varied angles of attack are given in Table 5.6. 
Table 5.6 Maximum scour depth and location of its occurrence around group of two 
piers witiiout collar for varied angles of attack. 
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Fig.5.156 Group of two circular piers with collar 
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In this phase of experiments, a collar as shown in Fig.5.156, was installed around the 
piers group and seven tests were conducted with this collar fitted piers group aligned at 
0°, 15°, 30°, 45°, 60°, 75°, and 90° angles of attack to the flow, keeping the clear spacing 
between the two piers same as that in the experiments with no collar. The experimental 
results are analyzed under the following heads: 
5.11.12 Experiments with collar at an angle of attack at (a=0°) 
At an angle of attack 'a' = 0; two scour holes, identical in shape and size, were observed 
forming at downstream end of the collar which were synmietrical about the mid pomt of 
the downstream edge of the collar. Thereafter, two small scour holes symmetrical in 
shape and size on either side of the collar along the mid points of the collar length were 
formed. The scour holes on sides and downstream of the collar grew in size with the 
passage of time and joined each other Fig. 5.157. 
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Fig.5.157 Group of two piers with collar at «= 0° 
The scour holes formed on sides of collar propagated towards the upstream end of the 
collar and towards the rear pier, but these scour holes did not join each other upto three 
and half hours from starting of the experiment. 
At 3 hours 50 minutes of start of the experiment, these scour holes on sides and 
downstream of the collar joined each other and the edges of the collar on its longer sides, 
near the downstream pier, were exposed. The material scoured from the side scour holes 
was observed transporting and depositing along the longer edges of the collar near the 
side faces of downstream pier. At the end of the experiment, the downstream edge of the 
Fig. P19: Scour and deposition patterns around a group of two piers 
of same sizes at a=0° (A) Without collar (B) With collar 
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collar was in perfect contact with the bed and the scour depth was 1.95 cm at upstream 
pier and zero cm at downstream pier respectively. 
The areal extents of scour measured around the piers group after the test was over, can be 
depicted in Fig. 5.149. In order to substantiate the analysis of the results, photographs 
shown in Fig. PI 9 were taken at the end of experiments. It is evident from Fig. 5.149 and 
Fig. PI9 that area of scour extent with collar gets reduced due to application of collar at 
group of two piers. 
5.11.13 Experiments with collar at an angle of attack at ( a= 15°) 
As a increases to 15°, two scour holes, one on right flank of collar (point B) and one near 
downstream edge of collar point A, were formed and after 30 minutes, the scour holes 
propagated on left and right flanks up to points C and D respectively as shown in 
Fig.5.158. On left flank, scour progressed upto point E after one hour of start. At the end 
of 3 hours and 25 minutes, no exposure of the pier was observed and the scour depth was 
same as at after one hour of starting of experiment. The erosion of material beneath the 
comer of collar downstream of the downstream pier was observed at the end of 4 hours 
and 25 minutes. The portion of collar from point E to point C remained in perfect contact 
with the bed up to 5 hours and 30 minutes of start. The collar at point F was hanging 
sHghtly in the air. The maximum scour depth was observed on right flank of the collar 
near the downstream pier. The scour at the end of 6 hours and 30 minutes progressed up 
to pomt G. At this stage, portion of collar from point G to C was in contact vdth the bed. 
At the end of experiment, the maximum scour depth was measured as 3.4 cm at upstream 
pier and zero cm at downstream pier respectively. 
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Fig.5.158 Group of two piers with collar at «= 15° 
Fig. P20: Scour and deposition patterns around a group of two piers 
of same sizes at a=15° (C) Without collar (D) With collar 
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The areal extents of scour measured around the piers group after the test was over, can be 
depicted in Fig. 5.150. The photographs showing scour and deposition patterns developed 
on the bed around the piers group with and without collar taken at the end of experiments 
can be depicted in Fig. P20. Fig. 150 and Fig. P20 show how the application of collar to a 
group of two piers is effective in reducing the area of scour extent and hence the costs of 
scour countermeasures. 
5.11.14 Experiments with collar at angle of attack (a= 30°) 
Fig. 5.159 shows the piers group with collar aligned at 30° angle. Scour initiated near the 
downstream edge of the collar at point A and on right flank of the collar plate at point B. 
At 30 minutes of start, scour progressed up to point C where collar edge was exposed 
only upto its thickness. At point E, there was deposition of sediment and collar was 
resting completely on the bed. On right flank of the collar, scour from point B propagated 
to point F. The scour on left flank progressed up to pjint G and after 2.5 hours of start, 
progressed up to point H. At the end of 5.5 hours of stJirt, the scour propagated to point K 
from right and to point H from left. The depth of scour along the left flank of the collar 
remained same between 2.5 and 3.5 hours of start. At 4 hours from starting the test, scour 
progressed up to point 1 (i.e., mid point of collar length). Nevertheless, downstream 
comer of collar was resting on the bed. The scour progressed towards the left side of rear 
pier upto point D near the longer edge of collar but not on right side of the rear pier. The 
right side of the upstream pier was slightly exposed but left side of upstream pier was not 
exposed at all. Scour did not propagate beyond points J and K even after 7 hours of start. 
At the end of experiment, the maximum scour depth was measured as 3.95 cm on 
upstream pier and 1.05 cm at downstream pier respectively. 
Flow 
30° 
UP Upstream pier ^{ (UP) 
K 
B1 ^--/l -V H 
DP Downstream pier ' . c 
\ Collar-^  .,^ 
\ n)p)D j 
Fig.5.159 Group of two piers with collar ata= 30° 
Fig. P21: Scour and deposition patterns around a group of two piers 
of same sizes at a=30° (E) Without collar (F) With collar 
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The areal extents of scour measured around the piers group after the test was over, can be 
seen in Fig. 5.151. The scour and deposition patterns developed on the bed around the 
piers group at the end of experiments can be depicted in Fig. P21. As compared to the 
piers group without collar, the areal extent of scour around piers group with collar is 
smaller in area and hence cost effective for scour coimtermeasures. 
5.11.15 Experiments with collar at angle of attack at (a= 45*^ ) 
Fig 5.160 shows the piers group with collar aligned at 45° angle. A scour hole was 
developed at point A and then immediately after this a scour hole started forming at point 
B, however, the removal of sediment was quicker fi"om point B as compared to point A. 
Scour progressed towards upstream from point A. At 10 minutes of the start, scour 
progressed upto the middle of the collar length on upstream. The material from beneath 
the collar was removed by the flow; however, the scour did not reach the piers. The 
scoured material deposited on downstream of the rear pier and on the collar just 
dovmstream of the rear pier. The comer of collar on downstream of the rear was in 
perfect contact with the bed. At 25 minutes of start, scour progressed along the edge of 
the collar up to point D along the edge of the collar. 
Flow 
UP Upstream pier / / ^ ' J' K 
DP Downstream pier 
UP 
Collar' \ 
" A - ' 
Fig.5.160 Group of two piers with collar at ar= 45° 
At this stage, portion of collar between points D and E was in contact with the bed and 
the thickness of the collar plate in this portion was not exposed. At 45 minutes of start, 
portion of bed along edge of the collar between points D and F was scoured. Between 
points E and F and at downstream of the rear pier, the collar was in perfect contact with 
the bed. Sediment was deposited on comer of the collar downstream of the rear pier. 
g 
• r jf^^jk 




Fig. P22: Scour and deposition patterns around a group of two piers of 
same sizes at ^=45° (G) Without collar (H) [i & ii] With coUar 
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Scour at one hour of start, the bed between points F and G was scoured along the edge of 
collar, however no scour was observed from point E towards point G at this stage, the 
piers were not exposed though the collar edge was clearly exposed from point H to point 
G and from point H to point E and material beneath the collar was also removed but not 
from the close vicinity of the piers. Scour reached up to points J and I after 90 minutes of 
start. Scour progressed at K after 2 hours and piers on their sides were slightly exposed. 
After 3 hours of start, the downstream face of upstream pier and upstream face of the 
downstream pier were exposed. Then the scour progressed all along the collar except at 
the downstream comer of the collar just downstream of the rear pier. Beneath the collar, 
the scour was more at front pier as compared to the scour at rear pier; however, the scour 
depth was maximum at B. After 4 hours of start, the comer of the collar downstream of 
the rear pier was touching the bed. Except this point, the entire collar was free. After 5 
hours, the total collar was hanging and the material beneath the collar was removed. At 
the completion of experiment, the maximum scour depth was observed as 4.75 cm at front 
pier and 5.65 cm at rear pier respectively. 
The areal extents of scour measured aroimd the piers group after the test was over, can be 
depicted in Fig. 5.152. The scour and deposition patterns developed on the bed around the 
piers group at the end of experiments can be depicted in Fig. P22. It is discernible 
that the areal extent of scour around piers group with collar is narrower in width but 
slightly smaller in length and hence smaller in area and economical from protection 
point of view. 
5.11.16 Experiments with collar at angle of attack at {a= 60°) 
Fig. 5.161 shows the piers group with collar aligned at 60° angle. Scour started from point 
C and A simultaneously. At 15 minutes of start, the scour progressed up to point D. The 
collar at point E was hanging in the air at this stage. At 30 minutes of start, scour 
progressed up to point F. At 60 minutes of start, scour depth was increased by one cm and 
progressed up to point G, however, this scour depth remained constant and piers were not 
exposed at all on any side upto 2 hours of start. At 1.5 hour of start, scour progressed to 
just 1 cm short of middle i.e., upto point J. On upstream, scour progressed up to point H 
in the initial stages of experiment. The maximum scour depth was observed 4.9 cm on 
front pier and 0.0 cm at rear pier respectively. 
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The areal extents of scour measured around the piers group after the test was over, 
can be depicted in Fig. 5.153. 
Flow 
UP Upstream pier 
DP Downstream pier 
H 
A ^  / Collar DP) }E 
•v' 
Fig.5.161 Group of two piers with collar at a= 60° 
The scour and deposition patterns developed on the bed around the piers group at the 
end of experiments can be depicted in Fig. P23. It is noticeable that the area of scour 
extent around piers group with collar is significantly smaller than that without 
collar; collar is considerably economical from protection point of view. 
5.11.17 Experiments with collar at angle of attack (a =75°) 
Fig. 5.162 shows the piers group with collar aligned at 75° angle. At this angle of attack, 
scour started from point A and B and progressed towards point C at 55 minutes from 
starting the test and the scour depth was same at pomts A, B and C. However, after 2 
hours of start the observed scour depth at point C was more. Then after, the material 
scoured from points A and B started depositing at point C and scour depth at point C 
started decreasing while scour depth at point A was held constant but scour depth at point 
B continued to mcreasing and was maximum at 6.55 cm at front pier and 41.5 mm at rear 
pier respectively at the end of the experiment. 
Flow Flow 
UP Upstream pier 
DP Downstream pier 
I C 
v^  Collar 7 A 
Fig.5.162 Group of two piers with collar at a= 75^  
Fig. P23: Scour and deposition patterns around a group of two piers of 
same sizes at 0=60° (I) Without collar (J) [i & ii] With coUar 
Fig. P24: Scour and deposition patterns around a group of two piers of 
same sizes at a=75° (K) Without collar (L) [i & ii] With coUar 
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The areal extents of scour measured around the piers group after the test was over, can 
be depicted in Fig.5.154. The scour and deposition features developed on the bed 
around the piers group at the end of experiments can be depicted in Fig. P24. It is 
evident that the area of scour extent around piers group with collar is considerably 
smaller than that without a collar. Hence the use of collar is cost effective in piers group 
protection against local scour. 
5.11.18 Experiments with collar at an angle of attack at (a= 90°) 
Fig. 5.163 shows the piers group with collar aligned at 90° angle. As the flow started, 
initially scour started just in front of the pier on upstream of the front edge of the collar 
plate. Then scour progressed towards the nose of the piers and after about 4 hours, the 
material beneath the collar edge was removed. Then a stage came when the collar plate 
was hangmg, however, when beam of light from upstream was passed beneath the collar, 
the light did not pass through the gap between the two piers beneath the collar. The 
maximum scour depth me£isured at the end of experiment was as 7 cm on upstream of 
collar (point A) and 7.5 cm on downstream of the collar (point B.) 
Flow 
/ ' C I D '^ "'x 
A}- - ( U P V ^ I — f o p V -}B 
V ^^ Collar ^ ^ / 
UP Upstream pier DP Downstream pier 
Fig.5.163 Group of two piers with collar at «= 90° 
The areal extents of scour measured around the piers group after the test was over, 
can be depicted in Fig. 5.155. The scour and deposition patterns developed on the 
bed around the piers group at the end of experiments can be depicted in Fig. P25. As 
visible in Fig. P25, the effectiveness of collar at 90° angle of attack gets 
considerably lost, because the areal extents of scour around piers group with and 
without collar are similar in area. 
Fig. P25: Scour and deposition patterns around a group of two piers of 
same sizes at 0=90° (M) Without collar (N) [i & ii] With collar 
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APPENDIX - 1 
TEMPORAL VARIATION OF SCOUR 
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LATERAL PROFILES OF SCOUR 
10 
5 - scour hole top width = 26 •! 













- 5 • 
10 -
'— scour hole top width = 
\ ^ dSf = 7.3 
25.5 — ^ 




•— scour hole top width = 22 —^ 






« — scour hole top width = 
\ . ^ ds = 6 97 ^ 





Distance along flume length (cm) 
Lateral profiles around front pier for two piers of same size in tandem 
















scour hole top width = 
. f 




/ ^ 5 
X 
c h 
Distance along flume length (cm) 
Lateral profiles around front pier for two piers of same size in tandem 



















scour hole top width =31 
scour hole top width = 31 
scour hole width - 29 
- = 6 
- = 10 
7.5 - H - " 
deposition 
20 • 4 ^ 7.5 -
• = 1 D 
— 6.5 - ^ « - 7.5 —\ 






scour hole topwidth = 31 






scour hole top width 2i :.5^ 
, deposition 
2'^  
- = 20 
Distance along flume length (cm) 
Lateral profiles around rear pier for two piers of same size in tandem 












/ 2 5 
.V 




scour hole top width = 25 J 
• = 80 
Distance along flume length (cm) 
Lateral profiles around rear pier for two piers of same size in tandem 
arrangement for varied pier spacing x/b. 
411 
— scour hole top width = 42 
21 H 2.5 h 
X 
b 
Lateral profiles around 6.6 cm front pier (big pier) for two piers of different size 






_scour hole top width = 4?_ 
•H2.5I- 18.5 
scour hole top width = 45 
22.5 ^ 2.5h 
Distance along flume length (cm) 
^ = 12 
b 
Lateral profiles around 6.6 cm front pier (big pier) for two piers of different size 









- 1 0 • 
-15 -
5 
scour hole top width = 41 
K 3 ^ 
— scour hole top width = 41 
41 ^ 2.5 h 8.5 
— scour hole top width = 40 
20 H2.5I-" 17.5 
I - 5 -H 
scour hole top width = 42 





K 5 - H 
Distance along flume length (cm) 
^ = 18 
h 
-=20 




Lateral profiles around 6.6 cm front pier (big pier) for two piers of different size 
in tandem arrangement for varied pier spacing x/b 
414 
< 21 
"\^  ' ^ 10 
scour hole top width = 42 
*l2.5H 
' 20 30 
11.75 
dSf* 12.2 




'^ * ^ X ^ ' 60 
1 
60 










50 60 70 80 90 100 11C 
scour hole vtop width = 44-
22 1^ 2sh 19.5 
K 5 -\ 





50 60 70 80 90 1C 
-j, ^ j M i r hniA Inp wir l th = A^ 
• 225 H h 
1 N.„^ 10 20 1 30 
12 






^ = 70 
b 
Lateral profiles around 6.6 cm front pier (big pier) for two piers of different size 








scour hole top width = 45 
22.5 H 2.5 H 20 
50 
h 5 H 






i \ . 10 
- scour hole top width = 









30 4 0 / 
,1 
50 60 
^ = 90 
h 
Laterai profiles around 6.6 cm front pier (big pier) for two piers of different size 




4scour hole top width = 46 
23 H 2.5 h ~ 7.5 
50 
scour hole top width = 45 
22.5 . 1 . 10 4— 5 -4.— 7.5 
scour hole top width = 46 
H2.5I-
scour hole top width = 50 
25 H 3.5 > 11.5 '{' 10 
<'s.= 7 5 e 
Distance along flume length (cm) 
X 
- = 0 
b 
X 




1 N- 10 
scour hole top widt 
20 1 
dSr=8.1 











- = 6 
b 
Lateral profiles around 3.3 cm rear pier (small pier) for two piers of different 
size in tandem arrangement for varied pier spacipg x/b 
417 
scour hole top width = 48 
H 3.5 I ' - l l . 5 
T-T 
-10 
10 20 I I 30 
ds,= 6.85 4.9 
50 





scour hole top width = 50 
-=12 
- 7.5 H -
scour hole top width = 50 
— 35 — 
X 
- = 14 
h 
scour hole top width = 45 
Distance along flume length (cm) 
.V 
- = 1 6 
h 
Lateral profiles around 3.3 cm rear pier (small pier) for two piers of different 
size in tandem arrangement for varied pier spacing x/b 
418 
-10 
scour hole top width =: 39 
19,5 •+- 4 -H . 15.5 
40 50 
X 
- = 18 
h 
scour hole top width = 37 
— 13 
50 
- = 20 
.V 
- = 22 
b 
scour hole top width =15, 
.V 
- = 25 
b 
scour hole top width =14 
1 - 1-
Distance along flume length (cm) 
- = 30 
b 
Lateral profiles around 3.3 cm rear pier (small pier) for two piers of different 





scour hole top width = 12.5 
—+• W-
40 
—I 2.5 h 
y^ nap 
50 41 k 60 
-=35 








scour hole top width = 12 
H 2.5 K 
H 3 K 
.V 
- = 50 
22.5 
scour hole top width = 20 
H H 2.5 t 
K 3 H 
Distance along flume length (cm) 
- = 60 
h 
- = 7 0 
Lateral profiles around 3.3 cm rear pier (small pier) for two piers of different 









_ scour hole top width = 24_ 
Distance along flume length (cm) 
420 
- = 80 
X 
- = 90 
b 
Lateral profiles around 3.3 cm rear pier (small pier) for two piers of different 





, ... STOur hole top width = 
i ^ ^ ^ £ 10 IB 20 
^ \ ^ dSt = 8.8 
30 i 
5 ^ ' ^ 3 0 
h 
scour hole top width = 30-
5 -^2.5l>— 7.5—H" 15 -
b 
1 
• 5 • 
10 • 
15 • 
' - 6 
1 ^ 
+ /'.5 + 12.b 
--sS.8 10 1 15 2 p / ^ 








— scour hole top width = 25 
5 - + — 7.5 H * 12.5 — 
k 5 -H 
30 35 
-=3 
scour hole top width = 2 4 — | 




- = 6 
h 
,— scour hole top width = 21—»j 
' ^ \ 5 10 1 5 ^ X 2 0 
X ^ dst = 7 35 > ^ 




-scour hole top width = 21—^ 
h s H 
25 30 35 
= 12 
Scour hole top width = 24 . 
•4.5-+— 7.5 —+ 12 H 
K 4 ^ 
= 14 
scour hole top vwdth = 27 
25 30 35 
- = 15 
Distance along flume length (cm) 
Lateral profiles around 3.3 cm front pier (small pier) for two piers of different 






• scour hole top width 
' s "r 7-5 "t 
1 ^ ^ t 10 1 15 
\ ^ dsc = 7.15 





^ = 16 
h 
scour hole top width = 25 
5—\— 7.5 —+• 







' - 5 -
1 
scour hole top width = 2 5 -
')• /.t> "I" U.i 
•*2.i8 10 1 15 a e - ^ 
\ , ^ dst = 7 6 y / 
-^ 3 •*-
25 30 









1 scour hole top width 
1 ^~S»2.3 10 ' 15 
^ S . ds, = 7.2 , 
-H 3 K 











1 ^ ^ ^ 
hole top width = 
10 1 15 











- 5 - K 5.5-^ 2 h 
1 ~ ~ " " ^ 9 l l ' 15 
\ dsc = 7.05 . 
\ 6 , 0 5 1 ^ / 








scour hole top width = 25 
S H * — 75 — 7 12.5 -
-10 
scour hole top width = 25 »| 
5 - + — 7 5 — + 12.5 H 






^ scour hole top width = 2 1 — ^ 
H 3 1^ 
25 30 3 











scour hole top width = 
10 ' 15 
. ds„ = 6.8 ^ 







Distance along flume length (cm) 
Lateral profiles around 3.3 cm front pier (small pier) for two piers of different 




u 3 O 
u 
— scour hole top width = 25 ^ 
5—1^ 5-»|2.5|. 12.5 4 
Distance along flume length (cm) 
Lateral profiles around 3.3 cm front pier (small pier) for two piers of different 
size in tandem arrangement for varied pier spacing x/b 
424 
5 
- 5 • 
-10^ 
-15 ^ 
' ^ \ ^ 1 *^ 
^ \ . ds= 13.06 ^ ^ 
^ \ 
^ ^ ^ 
t- 5.60 "H 
•I 











— scour hole top width = 41.3 
20.65 »l< 20.65 
• t " 12.4 
Distance along flume length (cm) 
^ = 4 
h 
Lateral profiles around two piers of same size in transverse arrangement for 
varied pier spacing Zc/b 
425 
_ scour hole top width = 45 
22.5 4 " 22,5 
-10 - 12.60 i * »t- 12 60 
50 
Zc 







• scour hole width = 25.0 •! 4.70 h scour hole width = 25.0 A 
-15 
2c = 8b = 29.7 • 
Distance along flume length (cm) 
Zc 
= 8 
Lateral profiles around two piers of same size in transverse arrangement for 
varied pier spacing Zc/b 
426 
scour hole widlti = 24 
13 ^ * ~ 11 
a = 30 
-10 -
scour hole top width • 27 
12.5 4" 14.6 
a=15 
scour hole width = 24 
1 3 * ) " • — 11 
-10 
-15 















scour hole v 
^ ^ 0 . 4 5 
— T ^ - ^ v . ^ 
- » l " 12.0 
vidth = 32.50 
f 2 5 ^ 




a = 60 
a = 75 
-10 i 
scour hole top width = 39.5 
75 "t* 19.75 
(- 1650 
Distance along flume length (cm) 
a = 90 
Lateral profiles around front pier of a group of two piers of same size at constant 
radial pier spacing R/b = 5 and various angles of attack ' a ' 
427 
scour hole width " 2 8 — 
. | . - 10 . | . 9 




- scour hole top width = 31.3 H 
12.5 * ^ - 5 - ^ -»)-»- SB —») 
s 
scour hole width - 34 .50 
• + 10.0 "+" 11.50 
H 3 . 5 6 l - i - 7 0 _ ^ 4 0 I- l-ISO 





a = 15 
a - 3 0 
a = 45 
75 
a = 60 
scour hole width = 40.50 
f — 6 50—(- 11 —— 
a = 75 
Distance along flume length (cm) 
Lateral proflles around rear pier of a group of two piers of same size at constant 
radial pier spacing R/b = 5 and various angles of attack 'a' 
428 
scour hole top width = 46 






scour hole lop width = 31.25 -I 
- 19.5 4 " 11.76 ^ 












, scour hole top width = 32.5 
•• 16.25 H 
^ ~ ^ ^ ^ 1 25 , 








^ = . 
75 
^ = 3 
h 
1 = 4 
h 
Lateral profiles around front pier of a group of two piers of same size at constant 








-scour hole top width = 24.75—^ 
— 12 +• 12.75 H 
- scout hole top width = 2 4 . 5 — ^ 
— 13 4- 11,5 
scour hole top width = 28.5 H 
- 16 H* 125 
- scour hols top width = 2 3 . 5 — i 
- 11.75 + 1V75 M 
-scour hole top width = 22.7S—»i 









« = 6 
h 
- scour hole top width =30.5 »| 
16.75 ^ 13.75 ^ 
R_ 
h 
scour hole top width = 26 ^ 
- 13 4" 13 A 
R 
= 10 
scour trale top vwidth = 24.5 -
12.25 —-)« 12.25 
b 
Distance along flume length (cm) 
:12 
Lateral profiles around front pier of a group of two piers of same size at constant 
angle of attack a = 45 and varied radial pier spacing R/b 
430 
-15 
scour hole top width = 38.7 




scour hole top vndth = 3 6 _ 
15 ^ 21 
E 
-15 
— scour hole fop wid th = 36 j 
16 + " 4 "*!*" 4 •*(• 4 •*t*" 4 " " l ^ 4 '•I 
334 25<K 
5 -
scour hole top wid th - 35.75 -





scour hole top width = 43.75 H 
17 - t ^ - 11.5 - — t - • ' " 5 -\ 
Distance along flume length (cm) 
75 







. - - ) 
R 
- = 3 
R 
= 4 
Lateral proflles around rear pier of a group of two piers of same size at constant 
angle of attack a = 45 and varied radial pier spacing R/b 
431 
•15 
soour hole top vMdth = 38.5 -
= 3.55 145 . ( ^ 7.25—H 
scour hole top width = 40.75 
1225 -*--2?+- 215 
H 
1 T — 














scour hole top width = 44 — 
13.5 + - 8 - 4 — <-+• 12 '^^6 5 H 
_ scour hole top width = 48 
•+• 11.5 •!• 11.75 4 * 













\ v ^ ^ 
11.5 4 - 10.5 4 — 
* 
85 _ + 3 7S4.3.7^j^_ g25 
« 4 








Lateral profiles around rear pier of a group of two piers of same size at constant 
angle of attack a = 45 and varied radial pier spacing R/b 
10 scour hole top width = 52 
-10 i 
^_^ - — scour hole top width = 23.75—•\ 




• scour hole top width = H 









Distance along flume length (cm) 
Lateral profiles around rear pier of a group of two piers of same size at constant 
angle of attack a = 45 and varied radial pier spacing R/b 
433 
— scour hole top width = 51.64 H 
3.3 h- 11 —"^ 17?; 4^5.32H— 8 —-i 
54 63 
1 scour hole top width = 46.64 
23.32 • h i 18.32 1 " ^ -\ 
I- 20.8 1 -• 9.3| H 




i. s o 
w 
scour hole top width = 51.64 
13.32 4 - 25.82 
-I 3 i - M 3 k 
12.5 ' 
} . 5 — ^ 3 + 
— scour hole top width = 51.64 
t" 13.32 t 
10.3 —^ 
25.82 
*i 3.SK H 3.5 K 




^ = 5 





63 72 81 
X 
= 25 
scour hole top width = 51.16 
i 5 - + - 7.5-H 2h 11.3 4* 5.8 4<- 4 4'*'' 13.3 
54 63 72 81 
*( 3 t* -H 3 k 
Distance along flume length (cm) 
— = 30 
h 
Lateral profiles around upstream piers of a group of three piers of same size in 
staggered arrangement at varied pier spacing X/b 
434 
scour hole top width = 52 
63 72 8 
— scour hole top width = 52 









scour hole top width = 52 
125 + 13.5 + 12 — 
25.82 
scour hole top width = 51.64 
H- 2 
scour hole top width = 51.64 





63 72 81 90 
£=60 
h 
63 72 81 90 
£=80 
h 
scour hole top width = 51.64 
12.5 + 13.32 + 13.3 12.5-
63 72 81 90 
1 3 h i 3l^ 
Distance along flume length (cm) 
X 
= 90 
Lateral profiles around upstream piers of a group of three piers of same size in 
staggered arrangement at varied pier spacing X/b 
435 
- 7.5 -f— 7.5—*V- 5-H2.5t« 
scour hole top width = 45 
63 72 81 90 
•H 3.3 I -
scour hole top width = 49 
H 20 
63 72 
*1 3.3 t*" 
scour hole top width = 34 








11.5 + 10 ^ 7.5 —.1 




^ = 10 
b 
63 72 81 90 
£ = 15 
b 




£ = 2 5 
scour hole top width = 21 
h- - I 
Or-
Distance along flume length (cm) 
Lateral profiles around downstream pier of a group of three piers of same size in 










scour hole top width = 22 
36 45 54 63 
- scour hole top width = 27—-^ 
8.5 —X2 5l 2 K 6 . 5 - + - 7 -A 
36 45 54 
_scour hole top width = 25 
45 
l ' 4 ^ 
_scour hole top width = 25_^ 
8,5—1* 4 - t 125 1 
72 

















^ scour hole top width = 25 , 
^ 8 . 5 - + - " - 4 2^.5 ^ 
( l \ . 9 1 18 y^ 27 
X. ds, = 6.95 ^ ^ 
•^ 3.3 t^ 
36 45 54 63 72 81 90 
h 
— scour hole top width = 25-~t 
36 45 63 
A 33 H-
Distance along flume length (cm) 
h 
Lateral profiles around downstream pier of a group of three piers of same size in 
staggered arrangement at varied pier spacing X/b 
437 
5 • 
scour hole top width = 2 8 >| 
12 H 4 I" 12 H 
5 -
( 
- 5 • 
1 0 • 
1 ^ ^ scour 
' — 11 -
( ^ \ 5 
»! 4 I" m "1 
69 1 y^ 
30 
a = 
scour hole top width = 28 ij 
12.5 'I 4.5 I* 11 'I 








s 5 101 16 20 3.5 2 5 , ^ - ^ 0 




scour hole top width - 32.5 >| 
).5 ^ 5 K 6.5—+ 10.5-
~ f — 
30 35 40 45 50 56 60 65 70 75 
a = 60° 
scour hole top width = 4 3 -
9.5 1-45*h 4 - + - 6 - + 16 
45 50 55 60 65 70 75 
Distance along flume length (cm) 
a = 75° 
a = 90° 
Lateral profiles around front pier of a group of two piers of same size at fixed 
pier spacing X/b = 2 without collar 
438 
•10 
., scour hole top width = 
1 
12.5 " I" 
1 ^-v5.___^ 10 15 











' scour hole top width = 26.5——^ 
' li.o 'l ' j .5'1' 10.3 "\ 
1 ^ — 5 10 ' 15' 20 / & 30 
^ ~ ^ ^ ^ 5 75 ds„„ = 6 & X 
a =15° 
35 40 45 50 55 eo 65 ro 75 
a = 30° 
E 
scour hole top width = 35.5 — 
19.5 ^ 3.5 l« 12.5 
40 45 SO 55 60 65 70 75 
a = 45° 
scour hole top width = 37.5 ^ 
11.5 + - 6 5 - + 8 — + - 5 . 5 H 2.5h 3 . ^ 
40 45 50 55 60 65 70 75 
a = 60" 
scour hole top width = 41.65 -
11.5 + - 6.66 H 2h-45H 3 y 
I 15 T 20 25 / 45 SO 55 60 65 70 75 
a = 75= 
a = 90° 
13 H 
9.6 ' ° 
Distance along flume length (cm) 
Lateral profiles around rear pier of a group of two piers of same size at fixed 




scour hole top width=15 
. 3 ^ 2 L ? ' ^ 7 5 -^ 
\ V "^  
\ ^0 .45 







' — 9 




hole top width 
= 15.5 " ^ 











scour hole top width 
= 1 3 , 
- 5 - . ( ^ 8 - H 
1 ^ ^ i t ^ - - - ' ^ 15 
ClSm«=235 




^ scour hole top width = 20 i 
- 9.5 H 2.51"— 8 —H 








scour hole top 
width = 9 





20 25 30 35 40 45 50 55 60 65 70 75 







- - ' <• " - • \ 
T ° = T 8.5 T - = 1 
10 ' 15 _-^ 25 \^yeO 35 40 45 50 55 60 65 70 75 
a = 75° 
scour hole top width = 32.45 
, .2.5^ i_ 
16.25 H2.2r H 3 f* 8.5 
35 40 45 50 55 60 65 70 75 
Distance along flume length (cm) 
a = 90° 
Lateral profiles around front pier of a group of two piers of same size at fixed 








" •3.5+ • • U.2 
> \ 10 
ds = 0.1 
H 
—HsH 
IsX 20 25 30 
V d S : , „ = 0 1 
a = 0° 
scour hole top 
width =15 —J 
*- 7.0 -+~5.5-^ 2.5l 
15 6.5 
30 35 40 45 50 55 60 66 70 75 
a = 30' 
S 
5 -
scour hole top width = 32 







( ) ^ X 5 3 > 
• • 
- ^ 7 
1.2 
t • 
1 25^^tK "" 
\ \ 2.86 
dSm»=6.45 
40 45 50 66 60 65 70 75 
a = 45° 
70—+— 7.5—+— 7 —+-3.s4^3.5-^ 
" S S ^ 30 35 40 45 50 55 60 65 70 75 
a = 60° 
45 50 55 60 65 70 75 
a = 75"^  
Distance along flume length (cm) 
Lateral profiles around front pier of a group of two piers of same size at fixed 
pier spacing X/b = 2 with collar 
APPENDIX - IV 








• Front pier 
6 2 ^ " I " 
JL 
90 7 ^ *5 




f t - 35 - ^ Is f 




• Front pier • Rear pier ^ 
3.3 3,3 





'Ii^'!|M^2(Hl"Jk30^"=k- 36 - | ."»| 
3.3 3,3 
-rf ry T 
'26l 32 30 24'j3° 32 35 ^/ 33 
90 l i '35; \ _Li 180 
• Front pier • Rear pier 






l< . t . . . i . itl6i I >Hi^90 I 1,15 f\^  ^18 
• Front pier • Rear pier 
9 .16.5 , s 
= 8 
c f^TI r~y 
•t2,37 
37 3 5 ^ 33 
._^° i > i 180 
H K 20-H«— 32-4^ 2^M 
5 
• Front pier • Rear pier [y = 12.5 
Flow 
- • 0 
-45 
11 15 3.35 10 10 10 
3.3 ' » 3 





Front pier • Rear pier 
X 
- = 15 
h 
« :Jlj | , ' l | i o A 20 +.'^^611.'H'°|J4.2O-4^ 27 -^20-4 
-40 
'^ .J^ -ULOJ " _ . ^ l t - i > V i ^ ^ i : 
• Front pier • Rear pier 
Distance along flume length (cm) 
^ = 20 
b 




• • 0 
3 3 
<""/sr 
«0 H - " H K ' V ^ " W 43 ^ 4 - 2 2 H 
3 3 
^A—iil5 1 90 [ i ._X^ lai)"^ i 225 
• Front pier • Rear pier 
270 315 360 405 450 





' 2 6 > 25 20 31 
• ' ^ • 1 
  0 M ^ / 2 5 _ 25 2i T 28 
i M L U - ^ , ,8°; 
" O ' T 
0 ^ \ i_240 280 320 360 400 440 
10 " 
I* •( H ^°hj^i- 60 >(• 20 -^ X 
E 
u 




• Front pier • Rear pier 
11 10 10 2275 10.5 6.7 15 to 





'26 ' • , „ 32 y ^, ' 
• « 0 — • 24 16 '"^ 
ii: 
" K ^ 31 Y'^»36 iJlB JJ , " - / ^ 
Flow 
• Front pier • Rear pier 
= 30 
225 j \ J27O 315 360 405 450 









57 H 13 |«— 55.8 
3 0 / 2, 
, , 9 0 , * " M l 3 5 










— f l 7 ^ 
r y - r 
3 0 ^ 29 2f0 \ I 315 360 405 450 
b 
. l i j | ^ ' ^ l S | | » — 55.5 ^14.5f-
3.3 5 
-45 
" • ^ ' 15 10 
87.5 +HI* T-^l" 55 + I 9 ' | 
3.3 ' 
^i—» 
T in 35 180 ^~7T 2k , T, ' 2(15 , 270 t 31^ X 360 405 450 
^ = 60 
• Front pier • Rear pier 
Distance along flume length (cm) 




11 10 , , 
3.3 5 
3 0 ^ 29 
10.5 12.5 11 
+ H K •!• H 5|« 5446 —H 17 k 
i k i - J u A ^ 90 1 \ J_135 180 225 
P« ",!, 30 V 29 
315 \ \360 _1_ 405 450 














15 13.75 5 




0 --^^ 2 i -W 
Flow. 
V'il^V'^^l— 56 - i 1 5 | ^ 
3.3 
t -Tf-r 
l K i - . . ^ i - ^ 90 i A { 135 180 225 
^U^' " 
• Front pier • Rear pier 
r7T 
3 6 0 ^ , \ _^ 05 450 
= 80 
Flow 
• • 0 
\^\^^ 
X = 90 b = 297 
^ 2» i t • * » 
T-tr T 
-45 
- i " | | - H ^ 7 K - 5 3 
3-3 
• 2 H 
90 I ^ 135i_ 180 225 270 
• Front pier • Rear pier 
T-*7 -r 
^ * j ?3 10 ?" I 
360 ^ ^ •*fS A JtiSO 
= 90 
Distance along flume length (cm) 
Areal extents of scour for two pears in tandem arrangement for varied pier 
spacings x/b. 
444 
125| 150 17^ * 0 125 250 275 300 325 350 375 400 425 450 475 500 525 
X 
H h-40.0-+ 67.0 4*20 ^  = 5 
• Front pier • Middle pier • Rear pier " 
u 
(}^ 'iJU^ --*^ 5Q}\i.J^ -^ -'rtio'^ >i-.i^ s&i--^ --^  2^,^ \ i.250 300 350 400 450 500 
^ ah 20-1- 26-1^  \ ^ 26.6 ^ ,o | ^ h ^ H ^ V ^ ^ T I - ^ ^ 
Flow. 
• Front pier • Middle pier • Rear pier 
^ = 15 
Front pier • Middle pier •Rear pier 
LMJ, 21.8 , I ' 0 . 
• Front pier • Middle pier 'Rear pier 
Distance along flume length (cm) 





19 , 1 0 , 20 , 20 20 20 10 20 20 10 20 18 
- H i^  *K r- ' I ' T T ' I ' '!• •!• T 'I 
300 350 400 450 500 
• Front pier • Rear pier b 
Flow 
50 
* - 0 
-50 
-< h 











'^4jai!LJ-J^^^-LX-U!!V> "^  i 300 350 400 450 500 
H M 
»H^  20 \ J ' ^ 40 ^ » » 4 i ° 4 2 ? 4 i ° H - ' ' H 
Front pier • Rear pier b 
= 1 
15 , 20 , 20 , 20 , 20 , 20 
^ !• •!• •!• - K H ' H ' •!• 40 - ^ ^ -^ is | * 
5 0 - ^ ' . ^ 
± 
47 45 42 48 &0 55 56 52 / 26 ^^fc ^ ^f »a *^ *g cm
150 200 250 300 350 400 450 500 
Flow 
• Front pier • Rear pier h 
Flow 
19 . . " 10 20 , 20 . 2 0 . 20 , . 2 3 '265 
- -4 M H H-30-4* H- -4H-4» -4 *30 -4 -41 u. 
13.2 10 
Trr*r-rrxT~[ 
48_ 50 49 48 45 52 55 55 
H 4 b h Hio|iS^ 
300 350 400 450 500 
- - 4 
• Front pier • Rear pier , ^ ^ 
50 
Flow ».o.' » W 
rrTTT t 
_42 S^ 54 55 ^a 64 / ^ 28 53 
-7 
' ^ 1 a° n_t T_La!!ia,l7 ^T 350 400 450 500 
3.3 
6t>'19.8 
20 20 20 20 ' 20 ' 20 ' I I 
• Front pier • Rear pier 
Distance along flume length (cm) 
b 
Areal extents of scour for two piers of unequal size (big pier at front and small 






• • n 
-50 
r^rTT~~~l 
'vu_jL. 1."'°, , ' t j n 
47 52 55 
- i - 300 350 400 450 500 
K Hh^sH— 20 20 20 20 18 
• Front pier • Rear pier b 
5 0 . . 
Flow 







6.6 3,3 5 
^ 45 ,4a « 
- ^ - ^ 
—r\ ' r f f:;n T 
60 58 58 / 40 
'UiJJlI:n_JLj^lJXJ> "^  350 400 450 500 
H h 30 -K 30 ^ , c j ^ 60 H - ^ - l - ^ ^ ^ „-|.„-| = 10 
Front pier • Rear pier 





Front pier • Rear pier 
Flow. 
- • 0 
-50 
..20.| |,20j»20.|k' ' . |» 36 ^ • J O - I * ^ * ! ^ 4 0 - ^ - 4 0 - f ^ f ' ^ f ' * ^ 
'V141.46.2 ^ _ _ _ _ _ _ r — — T 7 r 7 
f 464«.5 50 I I ' 
^ " . ^ cn _ ^ o A7 AQ IX " * 6 5 6 8 SO ^ 48 4  49 56 
'^ouu r°° 1 T 200 , 250. UH i 350 400 450 500 X 
= 14 
• Front pier • Rear pier 
Flow 
- • 0 
-50 
'•I \,- 52.5-.^  [-26-4--«' —H'°h— ^ - 14 ( , 
/ ^ii 4t « cA "^ «-. as « 5 8 / ' 62 65 58 
(k * ' 50 f 100 1601 2001 i . 350 400 450 500 
• Front pier • Rear pier 
Distance along flume length (cm) 
^ = 16 
Areal extents of scour for two piers of unequal size (big pier at front and small 




- 5 0 -
•OOJLJ 
[f 18bb-58.4 • ' I 













• Front pier • Rear pier 
50 
- • • » ! \— 60.0 — ^ » »j | » -»| |< 182 22.6 , , 10 22 h -






150 200 I ^ 2 5 0 j 300 350 400 450 500 
f - 22 b »72.S —^ 
Flow 
• 
• = 22 
• Front pier • Rear pier 
4 1*^5h 20 4* 39.25 •! h— 697 —4^ 20 + 20*)« 204^ *" ~H ' *k 
6.8 3.3 
1 ^ )(» 25 b • 82.5 - ^ 
Flow. 
- • 0 
-50-
rfl m r rn DT 55 60 66 70 
'^ '^OuJLJ!LjXju!LJi"l 350 400 450 500 X 
• Front pier • Rear pier b 




- • 0 
55 —4^ H I*- H h~ 55 —+- - + - .6 h 
<I 
M b = 99 9 
t tt t ! 




350 400 450 500 
X 
• Front pier • Rear pier ^ 
Distance along flume length (cm) 
= 30 
Areal extents of scour for two piers of unequal size (big pier at front and small 





[^ 35b"115,5 ^ 
• < 2 j « « 52 58 
' ^ 
r—177 
I 1CXJ M l 150 200 I 250 1 % 3( 0 I ^ , 00 350 400 450 500 
X 
S 5 3.3 
• f — 50 — M 9 («-






* - o 
-50 
B.7 H | » | » | ' 30-»f» •»{«-37,7-»j 10)«-
3,3 10 
a « 47 45 53 .- _. „ , . __ 52 / I 5S 58 58 52 








• ^ ^ 
•-^ [,— 56.5 >|10|..— 50 —»j1CJ«-39 
" Flow 
^ = 40 
• Front pier • Rear pier b 
•K 
r^^^r^rt-TT-T T7T 
L • ' 50 I . 100 150 20 250 300 1 \ I 350 * M 450 500 lAi-
• Front pier • Rear pier 
^ = 50 
b 
50-
19.5 20 M 
-•- - J U 60 H* " ! * * t*" * [ * " 50 — ^ 2 8 - J U-
Flow. 
-50 
rt 45 38 49 54 
'MI 
; ^ 3 3Ji 32 30 35 ^^y 32 
150 l O O J ^ ^ I ^ ^ J3 te l_^ , ^ i_ 400 450 500 
X 
|5H k 45 -M- ^ - ^ . - 1 
10 20 24.3 14 
= 60 
•- -H 1 ^ 40 - + - 3 0 - H ^ 30-4^-20 4 . — 45 -» f i - 40 " H * ' - ^ H |* 
8.8 33 
|< <« 70 b-231 ^ ! ) i -
Flow. 
-50 
• Front pier • Rear pier 
—110 |^ 40 ^ 8|- '»! 
•^  'W-ii-i—^1 f _ j ^ 'H^  -aao—* t , ?wi ^ X ^ ^ " " l - ' ' ^ 5°° 
• Front pier • Rear pier h 
Distance along flume length (cm) 
^ = 70 
Areal extents of scour for two piers of unequal size (big pier at front and small 















. r l ) l , " " ^ 40-4, 30 ^ H-30H44-30»t*-4* A k ^ • - ^ l * l — 1 1 ^ " —i^^sk-
rJ L ' 50 M =7«> » « V „ 
10 10 ,10, , 20 , 20 ,12, 35 19.6 , , 1 4 , 1 5 , 5 
2a ,i 
*» r 2 4 l i t ^ T7 "^  
-350-
Flow. Front pier • Rear pier 
450 500 
^ = 80 
b 
^ . . ^ [ ^ 4 0 -J[ • | ' ° | ' 4 " 70 . ^ 20 i j«-35-»| 8 1 ^ 81 — ' \ | - « | l 0 [ * | . 52 •\n\' 
^ l o H ^ 
r^^^~~T:^ rr-^ r 
(k 1*8 50 I I 100 150 1 200 \ 250 I 
iJ^ 25V 23 
• I k 
3.3 
-496*-^ - t 450 500 
^ = 90 
Flow. • Front pier • Rear pier 
Distance along flume length (cm) 
«Areal extents of scour for two piers of unequal size (big pier at front and small 
pier at rear) in tandem arrangement for varied pier spacings x/b. 
450 
50 15.5 15 20 20 25 





/ - r r - T T — t — r ^ 
^ 3 ^ ^ 31 31 32 35 <0 
|^~iX .^  ai.j. , .IjooJLi, 151) J T200 
• Front pier • Rear pier " 
= 0 
30-^15 I * 33 •^ w - 1 0 -




20.0 20.0 20.0 30.0 26.0 
|—^ [ « - • ) « - - " ! > i ^ - ^ ^ 1 7 . 0 6 | » -
e.e 
3 0 ^ 2 ^ 5 27 ' 30 3S ' 2 ^ X 20 
. — 9 ^ f 1 26 ! « ^ 1 
• "* X 
3.3 • * 
• Front pier • Rear pier fy 
Flow 
= 2 
- IK35 - I H-30 - K H K-HsK 
Front pier • Rear pier h 




Front pier • Rear pier h 
f-i^wn 
l i s SB 15 10 10 
•• • i t* •H 1^ -M" • ^ * l * — " 4>— 34 —H 
^tjiv 30 » eu 150i. 200 
^ = 3 
h 
^ • ^ ^ 6.6 15 5 8.5 
*25 3 0 ^ 3 0 2 ? 34 34 y 3Q 
(S*LJlj5a-\l 100 ta iso 200 
- 1 2 K 
X 
50 - — 






r 2 ^ 27 3 ^ 35 
M . — i . - ^ I 100 
• Front pier 
• ' t "'"T~'~T"~?\ 
40 45 ,3 35) ,„ 
ISO 1 ^ T 
-—•—I—.-4__I^*^ 
X 






10 15 21.7 15 ((.« 20 20 10 
•H t * ^h " "*I*H 1**1*" "*!*" "^ (^ 30 -^•» 36 -»| [«-
3 6.6 10 
-SO -
T 
11.5 21 2S 14 25 15 20 30 20 30 20 
3.3 66 3.0 
(^X.X-ACj_19g_44jf^J__^ ± 250 (SL,i-«e\JJio^ 
• Front pier • Rear pier ^ = 14 h 
-50 
• Front pier • Rear pier 
= 18 
Distance along flume length (cm) 
Areal extents of scour for two piers of unequal size (small pier at front and big 





S4, ij, •^^'^•-i.J'^iJuJ^l^ ^°° 
116 10 10 
• Front pier • Rear pier 
50 
T in 17 ^ n 10 20 26 ,19.5 









- • 0 
-50 
50 
i ^ 30 30 36 " ^ 2 
-rrr 
lM.i„Jj0^ ^ . i . . . ^ l^ Sl I °^° I ^^ \ 2°^  
- f 
Front pier • Rear pier 
—I h 
50 
- • 0 
-so 
Flow ^  „ jiSCT""*^  n 11 ' J . 40_ 42 40 ' ^ 48 T 
• Front pier • Rear pier 
50 .;in^*m»_ « _^u |^''*^:'t|(^« -^i^^"^'"^!^ 55 H " h 
- • 0 
-50 
Flow, . i S E " ^ 35 y 30 f ^''m 39 48 50 
(^4t ^ 
T—T*-T 
lOOi \ i 150 V i i 200 I 250 300 
"_/ 42 
_l 
• Front pier • Rear pier 
Distance along flume length (cm) 
^ = 20 
h 
?00 350 400 450 
^ = 25 
'^"-^i , , , .50, , , t, ^(X^ ^ ^ , _^£? 200 ^ I 2K) 300 ^ 350 | 400 450 500 
-=40 
400 450 500 
- = 50 
Areal extents of scour for two piers of unequal size (small pier at front and big 
pier at rear) in tandem arrangement for varied pier spacings x/b 
452 
-50-
r l o w „ S^ 26 29 32 35 
T*TT-
40 40 37 
18 10 40 10 30 20 20 20 16 " 
iMk~i.4*-52Ll_.^  J ° 4 l 3 '^ 
t 
33 
400 _4_ 450 
10 26 10 20 20 8 17 
= 60 
• Front pier • Rear pier 
'••5 2J 
- 4 , 44< M 4^20-^10 [. 70 n i l * 
-rTT 
- W 4»-5(U 
± ^ J ^ 
• Front pier • Rear pier 
^ = 70 
b 
• Front pier • Rear pier 
• Front pier • Rear pier 
Distance along flume length (cm) 
Areal extents of scour for two piers of unequal size (small pier at front and big 














-20 — J - I O - j - l 20 JO^ 
- t 1 
50 









110 132 154 1/6 M 9 8 220 
^ = 0 
h 
B 
20 -^ -*- -*|-^  -^H" -*|*—^*- H*- "H * h" 
fU K°-l^  10 I 10 I 10 J 10 
mTTTl 
30 ^ | , » 4 J ^ ^ 
38 38 37.5 
66 88 110 
T 
176 
• Lateral pier 




Areal extents of scour for two piers in transverse arrangement for varied lateral 
pier spacings Zc/b 
454 
22 




- 4 - - 4 - 2 0 - 4 - 20 -4^15-4- 15-4^ IsH—IS-^ 
VTTTi 2 5 / 1 
40 
43 45 49 52.5 
53 53.5 





















10.5 10 10 -n 
- - H K •*!*- -*H— 20—H— 20—»H—20—4— 20 .|. 20 —^i—20 -H 10 K H 
3.3 
50 50 49 48 47 
44 66 88 110 132 154 , V 176 _*_•» 198 220 
Zc 
Flow 
• Lateral piers 




154 / 1176 198 220 
^ s k 
• Lateral piers 
Distance along flume length (cm) 
h 
Areal extents of scour for two piers in transverse arrangement for varied lateral 
pier spacings Zc/b 
455 
,^°i| p::^^"-.^ ^ — 2 o H - 2o^^^"-^^"^^^3^^o^"^ V 10 5, I 10 I 10 I 10 
3.3 






J ° ^ | , 1 Q ^ 1 ( U ( J 0 . ^ 1 0 ^ 1 ( L ^ 1 Q ^ 0 ^ ^ 1 0 ^ 1 3 ^ | ^ . . | . ^ | . 1 0 . | . 1 0 - 4 i ^ | ^ 
33 3 2 
^ 22,5 2; 
li_4-j .i } ^ 






,  2^^^^23.5 22.25 2^ 19 1 7 ^ ^ 
_a 10 < < 5 iS 6 &S—7-
- t& 12-
^ 2fl T f ' l ' ' ' " 22.25 r 19 17.5^"Jl 
3h 
Flow • Lateral pier 





I J oo 9^ 245 24 23 23 „ , 24 i^> ^ 
16.5 • 22 24 25 22.5 , J V 
-22 
4. 4.G I 6 a 6:5 7.5 8, 9 8T T 6—^?-
24 38 
J l 9 T W , 24 , ^ ^ 24 24 23 , ^ 21 Q / J -
154 176 198 220 
23.25 I , 2 4 5 
eH 
• Lateral pier 
Distance along flume length (cm) 
Zc 
= 8 
Areal extents of scour for two piers in transverse arrangement for varied lateral 
pier spacings Zc/b 
456 
Flow 
-30 10 33 10 10 10 10 10 10 5 7,5 25 
• Front pier • Rear pier 












ijj°^^5^°^°4:°^^V°>^°-'*'°*'^''^'^ - 19 | _ 26-6 ^ ^ 20 4 - V - P 
— 14.3-^ ' ' ' 
(^L .Liir^^XTTTT. ' I . , t T X I i7Lie,75-o-f^ T 
^ ^ H i 15,6515,65 ^985 I 22,65 334 
" • - H H ^ _ ^ 1 i 1 1 18,85 . 205 
8,5 ^ ~ - ^ - - * - — » - • . . 1 - - ^ i I I I i 
-30 
5 1715 
16,15 17,35^„ J 9 8 5 jo . lS , „ ^2,^5 33,4 ^ 0 3 
85 I  23.4 2085 
Flow. 
10 110110 ' 101 10 1101 10 I 10 I 10 r j o T i o ^° 5 
Front pier • Rear pier 
10 ,10 , 1 0 , 110 ,10 ,10 ,5 ,5 30. ,,0 ^ p=..| ^'^:" ^^,5 4 ^ 4.15 ^ " ^ " ^^ - ^ 4 " 4:." ^ - ^ ^ 
Flow, i 
210 
a = 30° 
• Front pier • Rear pier 
Distance along flume length (cm) 
Areal extents of scour for two piers at constant radial pier spacing and varied 
angle of attack a 
457 
^%J."-^.^^^_4-'VH 
18 15,5 65> -*-
a = 45° 
. 7[X'^'^»j^13 3 _ | J " - ^ . ^ 15 J^ 20 -»|«— 20 >|' 20—4— 25.5 _ J * 14.5-4-''°*| |» 
• Front pier • Rear pier 
^.JV^o^^°.^^oV°HV 
1 s 



















50 10 h--H— "4^ Hs I*-
I 10 10 ' 10 I ' 
a = 60° 
• Front pier • Rear pier 
8^ 23 I l ^ " " ^ ! ' I T f f f f l ' I I 
I C L A 21 20 5 22 ' I 
^ » # 23 20 f5 22 21 20 
. ^ 1 1 ) 1 1 , ' I t 1 
(I " / I 30 60 
-30 
23 25 'e.T^I^O^^S.S 22 23.5 
• Front pier • Rear pier 
a = 75° 
3.05 
*ioH t*" ~H sH" 25 ->] 10 I— 2 0 — i ^ ^ ° i ^ — 30 >| 10 | - -i-j 9 l-i-
( '19.75 21.5 I I 
Flow 
- • 0 
3.3 
^g_^^- 19.25 22.25 22.25 22 ^^;^^^" - 19.5 
1975 I 20 I ^3 11150 1 
22.25 22 '° ' '20. '25 '^^ '' '^' ' ' ' ' ^ 19.2S 
«v 19.75^ I 21 5 " " ' 
^-^^—Ua". • [ 1. 
J°^ _^ 5(^ 25 ^ • Front pier • Rear pier 
Distance along flume length (cm) 
a = 90'= 
Areal extents of scour for two piers at constant radial pier spacing and varied 




' 10^3^ 10 ' 10 ' 10 10 1 0 ^ 10 '5'^ 1 0 ^ 7 . 5 ' ' 
• Front pier • Rear pier 












26,6 - T - ^ 20 ^^£^5^^qJ04^?^°^°4i°4.^°4J°>i°>'°^^'' H ' ^ 
15.65 13.9 
^1lJi=" 1565— • - - 12 .9^29"^ " ^ 13.7 " - ^ 14.7 1715 
:0-i^—I»III I .1 ^ 
•"r*%13.9 15.6515.65 16.15 ^" "^ 22 7 ' I 
'^o'l'io'i'io"'ioiio*'*"io'^' 10*^1 10T10X10 rio'T'io'l^i* a = 15° 
• Front pier • Rear pier 
25 8.S 
c* •-11"^ +|*95 •^l• |*^ *|*-i°*l*" 15 —j-iH^ i5-4*io4*io*|*-''°*l*i°"4-i'H*'i°*l*i°4'N^k 
3.3 33 
IT^UT I I7 i I'rXIHj) T 
Flow 
11.5»| j»9.9^° 'Vj»_ 25 -\— 20 - * j 10 
3.3 
I-10H 
• Front pier • Rear pier 
— 40 » j . i a - ^ 17.5 -^14.5-.[-10*| 5|«-
a = 30° 
• 7 k * ! * •»(^13.34MO*J* 4*- 15 " 4 ^ 20 >|' 
a = 45^ 
• Front pier • Rear pier 
Distance along flume length (cm) 
Areal extents of scour for two piers at constant radial pier spacing and varied 
angle of attack a 
459 
3 3 
3 0 f 12H I— 14-H S K I O * ! * — 20 — » | - * io4* ioH*io-4 ' io4*io»l5l— 
25 
f. 18 17 Flow U l t J M 1 -
(I I U7.930 60 
-30-
185 22 225 
3.3 13 U_I 
H s H - i5-+-io-|> 
180 
(*io4»io4'iO'( s j ^ 





^ jii|,«.|5jj'L|5^iq^^y^°^^°^°^^°^^y°^°,|JY'°V°H h^ 
1 23 I I 
10 ^ 21 20 5 22 ' I ' 
• * • 23 20 f5 22 21 20 18.5 18,5 19 20 g^ *^ ^ 
n?* 




rT*—H 5 h" ~ * 1 * — ^ — H * " ""t"—H*~ ""t*—H"—H*" ""f*—H* ~H 
' 10 I I 10 I I 10 ' 10 ' 10 ' 10 I 10 I I D ' i d 10 I 
Flow. 
10 ' 10 ' 10 I 10 ' 10 ' 
• Front pier • Rear pier a = 75= 
••-10»j l - IO-^ 5 |— 25 - i ^ 1 0 » ( — 2 0 — ^ 1 0 - ^ 30 '\ 10 j » 8 » | » 9 ^ 4 | . 
I ' f I 
Flow 
• 19.25 ^ ^^^ 22.25 22 ?0 9*i 
20.75 195 18 16.5 ,475 
:, ^ 19.25 22 25 ^2 25 22 ^ ' = 2 0 . 2 5 ^ « ' 
Vj19,75| 21.5 , I I 
90 I ' 120 I 13 „ 1 
^ ' = , „ ^ 19.5 18 16.5 14,75 
13 11 
r * — h o -
150 6 > - L 180 210 
."•10^ — H s I — 25 
• Front pier • Rear pier 
Distance along flume length (cm) 
a = 90° 
Areal extents of scour for two piers at constant radial pier spacing and varied 
angle of attack a 
460 
50 
- § ^ ^ 6 ^ 2 5 - l 9 ^ ' ° l 
Flow 
- • 0 
25 V ^ ^ 2 " 
f ~ i _ 100 150 200 
• Front pier • Rear pier 
22 HeK 
-tZJ_ 










. 1^,,-^io (^ >c _4^„ ^ „ - ^ " ^ |."^ 







• Front pier • Rear pier 
jr T f f - „ , 111 . « »"• 1 4 
- IK - I I' t—f4-* 
1C17. a V » 50 I I 100 I „ <fla - t r . 
i.J_u 1 j3i 
Front pier • Rear pier 
Flow 
• • 0 
300 
a = 0° 









NJ » « 
-f I J I |>' f 
20(| 25C I I *°0 24 
I • •• •- - T - U 
350 
• Front pier • Rear pier 
Distance along flume length (cm) 
a = 30° 
Areal extents of scour for a group of varying sizes of piers without collar at 






^ ^ V . M » 
150 200 
Front pier • Rear pier 
250 















i;'^ ^"k'ii'i." '^k"4.*'.+N 
150 200 250 
-50-
Flow 
Front pier • Rear pier 
50 
Flow. 
- • 0 
-50 
14*|*M-*|*1J-l|e1S -•[• 29—^10 [• 1 ^ * - » .{« io *|« » »j • 22J-^ W [^ 2) " ^ 1* |^ 
11 " < " 
\ 23.6 » 11J „ , 35 30.8 | . , i \ »•» 
33.S IS 
• Front pier • Rear pier 
300 350 
a = 15= 
300 350 
a = 30° 
Distance along flume length (cm) 
Area] extents of scour for a group of varying sizes of piers with collar at different 
angles of attack a 
462 
20 
•Upstream piers • Downstream pier 
500 





' Upstream piers • Downstream pier 
400 450 500 
X 
= 20 
Distance along flume length (cm) 
Areal extents of scour for three piers placed in staggered arrangement at 
varied longitudinal pier spacings X/b 
463 
50 
H " | ^ , 0 ) , ^ ^ 3 2 ^ K 
Upstream piers • Downstream pier 
450 500 
50 
- . ^ 1 l | | J - ^ | i ^ 3 0 - ^ 1 0 | « ^ 1 0 | J ^ ) ^ M _ ^ ^ ^ 1 2 | ^ 2 8 - ^ - M - » f ^ - | l 0 | — 




- • 0 
33 
J^sU 
i65, 5oHi|<8 ™ 2{ 151 
vn. ± 
250 30^ ' j / 4.350 
-» j | * 30 -Hio[* 96 
-h^K 
' Upstream piers • Downstream pier 
400 450 500 
= 40 
50 
Flow —I :r-7 T 
gO_ I 300 "tgg) ±_ 400 
• Upstream piers • Do^ ^ nstream pier 




Areal extents of scour for three piers placed in staggered arrangement at varied 

















• Upstream piers • Downstream pier 
20 I 20 l " i | " ' r 20 . . . , , 
^ = 60 
h 
200 
f ' '• 
» 25—15l 30 r-*4-
id spot ^ " ^ - ^ too 450 500 
= 70 
Upstream piers • Downstream pier 
" "> 15 15.10. 
3 3 
I 20 I 20 25 
24 2J 29 2 4 , 5 ^ ^ 
Flow. 
' Upstream piers • Downstream pier 
jllCU -t- 450 500 
^ = 80 
b 
Flow 
11 | l ^ l . ' O , 
" _ 4 _ , . 2.5 I '_ 






2S— Jga I 450 500 
^ = 90 
' Upstream piers • Dow nstream pier 
Distance along flume length (cm) 
Areal extents of scour for three piers placed in staggered arrangement at varied 
longitudinal pier spacings X/b 
465 
, , ,J^|^-V^4^6klS 
Flow 
- • 0 
-25 
30 5 28,25 











" ' - i;.5ri.i? 
100 125 '\14.5150 175 200 225 250 
-»| p^-jgli^ g ( ^ 24 — f « - 36 - ^ 1 2 |-12-«|6[— 
3.3 
• Upstream piers • Downstream pier 
Flow 
• • 0 
-26 
• Upstream piers • Downstream pier 
"" H^H"! K H"^  "*H H*~ 27 —4^ —18 |»-2o —H 
Flow 
# • 0 
-25 
r^^l^JTr^^r^lTTri 
• Upstream piers • Downstream pier 
Distance along flume length (cm) 
R 
= 1 
2511=' 150 175 200 225 250 
«=2 
b 
Areal extents of scour for two piers placed at constant angle of attack and varied 




^ 1^ J[,..J{. 18 - ^ e | * . 
Flow 
/ I 19 I ' 22.51 21 
j B 18 21 75 22 1 
* • 0 
H 20|-
3.3 
23.5 „^ , ^ 19.75, 









12J 72 24 —^ 15 I 6 [•lO-^ 
100 125 
H hi ki24^iHeh-'^^^-*l 
16.5 13 10 




26.5 22 5 12 
1 I. 
^ | 6 ^ 
h21^°-- l 
I' 





^ ^ ^ ^ ^ U : ^ ^ 6 | i ^ 6 ^ a | _ 48.0 
3.3 3 3 .«+"^'\."^U'\-
/jr-nrf3vrfr 
14 • 22.5 26 
75 100 200 225 250 
R 
= 6 
• Upstream piers • Downstream pier 
Distance along flume length (cm) 
Areal extents of scour for two piers placed at constant angle of attack and varied 
radial pier spacing R/b 
467 




• 22.5 21 . . 1 8 25 I ' I 19 ic 
- • 0 
-SO 
J 2 I ' 2 j J 2 j . 1 2 j J 2 j . 1 2 . J ^ 1 2 I 1 3 , 
21 20.5 
I 21 5 • f 
J3.5^ M^lj___i i 
200 225 250 
H 11 h 
' Upstream piers • Downstream pier 
R 
Upstream piers • Downstream pier 
l -^PHe|h^?^-^JV25-4 
-fiO 
12 I 12 I 8 
25 - ^ 
3 3 3.3 
\J[ I \_J' |(Lh2H« ^ - H ^ k 
• • - 25 - M 10 |— 
H 4 K 




Distance along flume length (cm) 
Areal extents of scour for two piers placed at constant angle of attack and varied 





• - . - -Is -y^ 2 l i 5 23 ^, 23 F ~ — - £ ! ' .13 ^®.'-
-50 
27 35 - 2 5 - i f 10, 7 
0 15/1 ? 6 ? „ y 60 ' 75' 14 / 100 I 1 
4.25 
1,65 15 JL 23 
 00 ' 25 
16.75 
150 175 200 225 250 












r^spriixr i i /3 i 
^^ ^Lun 
" ^ l _ ^ « ^ ^ (-£| 6 ^ J ? ^ 24 ^ ^ ^ ^ ^ " ^ ^ ' N 
33 3.3 
26 25.5 24 24 25 
^ 
Flow 
75 ' lod ^  12fe\. 150 175 
23 5 25 '^f 'y23 1 25 
6 45 
' Upstream piers • Downstream pier 






^ - - ^ [ ^ 2 8 2 5 _ ^ 1 5 3 _ ^ 1 8 ^ 1 2 4 ^ 1 2 - | - 1 3 - 4 — 25 - | ^ 21 -^-^15-^ 12 |--
•^:- ' T^rnn 
Flow. vk 
19 5 19.5 19 16.5 
• 30.8 — 4 * "4 I' ' I - * 18 4* 124'124*12»|-- 25 —»| 7 R 
z=]-> 
• Upstream piers • Downstream pier 
Distance along flume length (cm) 
Areal extents of scour for two piers placed at constant angle of attack and varied 
radial pier spacing R/b 
469 
- 1 2 - j kS.ai^i I L-10-j 5 1^ 1t> |^. 2 0 — ^ 1 2 - + - 9 - ^ 
20 
Flow 
• • • 0 
-20 
I,3's2°14 13.6 40 ^5^5 60 120 140 160 180 200 
5 4 
' Upstream piers • Downstream pier 
20^ 
415 4,15 5 
4 | ' 8 ' j | » ^ 4 ) ~ | 4 . 4 ) ^ 1 0 - ^ " 46.8 + H3H 
. . . I " ! 14.> 145 
12 8 13.2 ^ . 14.8 
Flow 
13 75 
' Upstream piers • Downstream pier 
• |4 | -3^ M t i ^ 20 
416 415 
24 - ^ 1 ^ , 6 ^ ^ 
f f 
193 19 
, 0 . 5 , , ! ^ 20 14 8 40 
18.75 19 19.6 
13.8 15 
a = 0° 
80 "•» i C b ' - " 120 140 160 180 200 
I «.25 r 
- | 6 | . 
4 0 -
•H r i FH H^iO"4^ ^5H*— 20 —•!«— 20 
3.5 415 4.15 
20 
Flow 
• Upstream piers • Downstream pier 
6 
19 —H*—H4. ,.5K 
-20 
-40 
A312 . ^ 23 3 I I I ,2 8 
I L ^ _ | i^ i . K t 
C V [ l F 2 i 15.2 40 60 I 80 I 100 „t,12aV -*^'l 
\ l l 3 .3 I 13.5Y14.7 I 1iS.65 ,67 16.7 15.5 12j2 r t l 
-I \ 
12.86 
• Upstream piers • Downstream pier 
Distance along flume length (cm) 
a =15"^  
80 100 , , ' 1 2 0 , „ , S 9 140 160 180 200 
15.5 14,5 
a = 30° 
140 160 180 200 
a = 45° 
Areal extents of scour for two piers placed at fixed pier spacing without collar at 
varied angles of attack a 
470 
180 200 
a = 60= 
Upstream piers • Downstream pier 
-T K t I 




a = 75^  





, ^l.^J -,L. • • - -1 
1 H'-'\ Jr-
^ ^ 















4 « — 1 5 - ^ 
T S , 28 
1 1 3 1 I 1 




Distance along flume length (cm) 
Areal extents of scour for two piers placed at fixed pier spacing without collar at 
varied angles of attack a 
471 
20 
6.2 6.2 3.7 _ 
. i | 6 . 2 | ^ H . ^ | ^ 5 ^ 26 I s ^ i — 23 —>l 7 h- ioHsk-

















^XW^'\ I ' t-f—M-^—' 
'V? " f I * 1«l ^ ' ^° 17 5 ^^ 
V l Mc ' , „ , „ ^ 10 0 If l 1ft «i I I 
18 19 18.6 18 18.5 
t 1 -J L 
Flow 
' Upstream piers • Downstream pier 
^"[""T' f t ' ' — P 
17 17.6 I 16.25 ' 
(I 1l1^5 , , i o ' 40,1 
' Upstream piers • Dow nstream pier 
•7.6^ j ' 5 . 7 ^ a 5 - ^ 5 | — 1 0 4 ^ 1 0 - ^ 1 0 - 4 ^ ' | 6 !• 36.5 4 . 5 | ^ 9 H ( 4 | « -
4 15 ^ 
~r—i. 
• Upstream piers • Downstream pier 
Distance along flume length (cm) 
200 
a = 0° 
160 180 200 
a =15° 
180 200 
a - 3 0 ° 
160 180 200 
a = 45^ 
Areal extents of scour for two piers placed at fixed pier spacing with collar at 




h •|4h-9-4' -I* "l-^ O 4^ 15 -4.— 20 —^ 8 5|»- 16 5 —ij 
12 14 20 14 40115 7.7.60 140 160 180 200 
* Upstream piers • Downstream pier 







-T'sH h''*|5(» 10 4-10H5.5|*10.54' 24 >f- 10 4^10-+-12,5 ^  8+ . 12 •] 
180 200 
a = 75^  
Upstream piers • Downstream pier 
a = 90" 
Upstream piers • Downstream pier 
Distance along flume length (cm) 
Areal extents of scour for two piers placed at fixed pier spacing with collar at 
varied angles of attack a 
APPENDIX - V 
CALCULATION OF FLOW CONDITIONS 
In a laboratory flume with glass walls and sand bed, the roughness varies over the 
perimeter. In such a case the hydraulic radius for bed, Rb instead of R, in the resistance 
relations is used. Further, for the given sediment size it is intended to maintain flow 
conditions corresponding to bed shear equal to the critical shear for the given sediment 
i.e., TQ =r^ where r^is the bed shear stress and r^ is the critical shear stress Referring to 
Shields criterion, 
= 0.06 (AV-1) 
Critical shear velocity, 
/ ^ A 1/2 
u.= 




The Strickler's equation for Manning' coefficient of grain roughness, 
^ . / 6 
« . = ^ (AV-4) 
Uniform velocity of flow, 
V,=-R,^"S:" (AV-5) 
Dimensionless critical shear stress, 
Critical shear Reynolds number, 
_(^v^5o) 
•^c (AV-7) 
Flow Reynolds number, 
«.. = ^ ^ ^ (AV-8) 
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Particle Reynolds number 
V 
Flow Froude number, 
i V = - ^ (AV-10) 
Critical flow Froude number, 
frc=-^ (AV-11) 
VgVo 
APPENDIX - VI 
SEDIMENT ENTRAINMENT 
As per BS1377:1975 and (Vanoni, 1975), the sediment used in present investigation was 
cohesion-less coarse sand. The sediment normally consists of a distribution of particle 
sizes. Fig. Ap-VI shows the two common presentations of the particle size distribution, the 
cumulative distribution curve as the log-normal and the log-probability plot. The 50 % 
diameter on the log-probability plot is called the geometric mean diameter dg and the 
geometric standard deviation cTg is defined as 
^ . = 
K'^ISS J 
1/2 
or a ^ = ^ = ^ (AVl-1) 
" 5 0 ^15.9 
the mean diameter, d, is given by arithmetic mean of the size distribution. The values of 
d and dg are related by 
J = dg exp [0.5 logn og] (AVI-2) 




ioo% d=^^^r- ; di=^idi + ^i + 0 (AVI-3) 
p=0 
where p. is the percentage weight of size d^. 
The size of the sample for analysis depends on the size of the large particles present. The 
ASTM recommends a sample size M in kg 
M = 0.082 6 " (AVI-4) 
Where b is the maximum intermediate tri-axial dimension in mm. 
If —^ < 4 or 5, the sediment is uniform from the hydraulic point of view, and similarly, 
if cr <1.5, the sediment may be considered uniform. 
476 
The initiation or threshold of movement of a particle due to the action of fluid flow is 
defmed as the instant when the applied forces due to fluid drag and lift, causing the 
particle to move, exceed the stabilizing force due to gravity. For uniform sediments in 
unidirectional flow this condition is best defined by Shields curve shown in Fig.l, which 
defmes the threshold m terms of the entrainment function. 
Reynolds numherlu^d/v) 
Fig. Ap-Vl Sediment entrainment as a function of Reynolds number according to Shields. The 
shaded band indicates the spread of data by Shields, the dashed lines the envelope to 
most of the published data. 
0 = 
U, 
' (pgAd) (gAd) (AVI-5) 
Which is a dimensionless shear stress, and the particle Reynolds number Re* = U»d/v 
where U» = (to/p) ' is the shear velocity, and TQ and TC are the bed shear stress and its 
critical value respectively, i.e., to = pgyoS where yo is the depth of flow and S is the 
energy slope. 
The critical velocity can be calculated for given conditions from the critical shear stress or 
shear velocity. Thus mean critical velocity is 
U.C 
or (/, = f/.. 
or at a given elevation 




Where C is the Chezy coefficient and y is the elevation at which the logarithmic velocity 
distribution has zero velocity. 
APPENDIX - VII 
CALCULATION OF HYDRAULIC RADIUS FOR GLASS SIDED 
LABORATORY FLUME 
In a laboratory flume with glass walls and sand bed, the roughness varies over the 
perimeter. In such a case, the hydraulic radius of the bed, Rb instead ofRin the resistance 
relations. The hydraulic radius of the bed, Rb can be calculated by the following 
procedure (Einstein, H.A., 1942. In this analysis it is assumed that the velocity is 
uniformly distributed over the whole cross section. 
Assuming that the total flow area can be divided into areas corresponding to the bed and 
sides, 
A=A^+Ab (AVII-1) 
Where Aw is the area correspondmg to the sides and Ab the area corresponding to the bed. 
Using Manning's equation for the sides, 
U== — Rj''S''' (AVII-2) 
R^, the hydraulic radius corresponding to the walls can be calculated, if «„,, the Manning's 
coefficient for the side walls, is known. For rectangular channel, from equation (AVII-3), 
/ 
R,=D 1 - 2 ^ 1 
V B) 
(AVII-3) 
In case the sides are smooth, Vanoni and Brooks (1957) have suggested a procedure 
based on the resistance equation for a smooth boundary. They wrote 
Rey,=Re (RJR) (AVIl-4) 
Where Re», and Re are Reynolds numbers for the side walls and the complete cross 
section, respectively. Also 
gR.^=(fJ8)U' (AVlI-5) 
gRS = (f/8)lf (AVlI-6) 
RJR =fjf (AVlI-7) 
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And ReJfy/ = Rg/f^ova equation (AVII-4) 
Where, /= 8gRS/jf,fy> and f are the friction factors for the sides and the whole cross-
section, respectively. Since both Rg and/are known, ReJfy, can be calculated. Using the 
Karman-Prandtl equation, Vanoni and Brooks plotted a graph Fig. Ap-VII between/^ and 
ReJfv.' which can be used to find/,.. Thus, 
0 • 0401 1 1—I—I-
0 - 0 3 2 -
I I I I 




Fig. Ap-VII Relation between/,, and R^Jfy, for smooth-walled channels (Vanoni and Brooks, 1957) 
A = 
igS , A = 
PJ>,u PJU' 
o o ' ^ = T ^ ' a n d ^ = ^ i + ^ , (AVII-8) 
Hence, 
Pf=P^t+PJ. (AVII-9) 
Since/fr, the friction factor of the bed is the only unknown in the above equation,/ can be 
found and Rb determined from the following equation: 
R^ = (AVII-IO) 
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The maximum depths of scour and their location of occurrence around the collar are 
given in Table 5.7. 





















Location of maximum scour depth 
5 cm from downstream edge of collar 
5 cm from downstream edge of collar and 10 cm on right side 
1.5 cm from downstream edge of collar and 10 cm on right side 
0.5 cm from right face of downstream pier 
5 cm from downstream edge of collar and 12.5 cm on right side 
Noseof front pier 
Nose of front pier 
5.11.19 Variation of scour depth 
(a) Maximum scour depth at front and rear piers without collar 
In order to check the effectiveness of piers group in reducing scour depth, the 
maximum scour depths observed at front and rear piers without collar are made 
dimensionless by dividing them by the scour depth observed at an isolated pier of 41.5 
mm diameter and are plotted against angles of attack as shown in Fig 5.164. 
(i) Maximum scour depth at front pier 
It is observed in Fig. 5.164 that at 0° angle, the scour depth at front pier is about 1.1 
times more than that of an isolated pier. This increase in scour depth is caused by the 
reinforcing effect of rear pier. As the angle of attack increases, the effect of 
compression of horseshoe vortices assists the scour potential of flow at front pier due 
to which the scour depth at front pier further increases. In Fig 5.164 it can be seen that 
as angle of attack approaches to 45°, the scour depth approaches to maximum at 1.177 
times more than that of an isolated pier indicating that the reinforcing effect is 
maximum at 45° angle. At angles of attack 45° <a< 90°, the scour depth at front pier 
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decreases but remains more than that of an isolated pier. This decrease in scour depth 
occurs due to a decrease in the reinforcing effect. At a = 90°, the scour depth is about 
1.16 times more than that of an isolated pier. This increase in scour depth is caused 








^ - 2 _ _ 
o Front pier 
o Rear pier 
10 15 20 25 30 35 40 45 50 55 60 
Angle of attach (degrees) 
70 75 80 85 90 
Fig. 5.164 Angle of attack versus relative scour depth without collar (where ds = scour depth at 
front or rear pier, ds, = scour depth at 41.5 mm isolated pier). 
(ii) Maximum scour depth at rear pier 
Fig. 5.164 shows that the scour depth at rear pier is affected by the sheltering effect of 
front pier, compression of horseshoe vortices between the two piers and shed vortex 
effect of the front pier. It can be noticed that the scour depth at rear pier at 0° angle, is 
about 0.89 times of that observed at an isolated pier. This reduction in scour depth at 
rear pier is caused due to the shehering effect of front pier. With an increase in angle 
of attack, the scour depth increases and reaches to a maximum at an angle a =45°. 
This increase in scour depth at rear pier suggests the predominance of the effects of 
compression of horseshoe vortices between the two piers and the shed vortices of 
front pier over the shehering effect of front pier. The combined effect of horseshoe 
vortices compression and shed vortices is maximum at angle of a =45°. At angles of 
attack a>45°, it is observed that the effect of shed vortices reduces while the effect of 
compression horseshoe vortices still exists due to which the scour depth reduces, but 
remains more than that of an isolated pier. At an angle a =90°, the scour depth at two 
piers is affected only by the compression of horseshoe vortices between the piers and 
the scour depth that occurs at two piers is about 1.16 times more than that of an 
isolated pier. 
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(Hi) Maximum scour depth at group of two piers with collar 
The maximum scour depth observed at piers group with collar are plotted against angles 
of attack 'a' as shown in Fig. 5.165. The scour depths without collar are also shown in 
Fig. 5.165. The comparison of two curves shows that how a collar is effective in reducing 
the scour depth. It is observed that the effectiveness of collar in the reduction of scorn-
depth reduces as the angle of attack increases. 
0 With collar 
0 Without collar 
30 40 50 60 
Angle of attack (degrees) 
70 80 90 
Fig. 5.165 angle of attack versus relative scour depth with collar. 
In order to model the scour depth, ANN models the details of which are given in Tables 
5.1 and 5.2 (Chapter 5-II) and ANN architectures Fig. 5.10 (Chapter 5-II), are applied to 
the present experimental data for the estimation of scour depths at upstream and 
downstream piers with and without collar placed at varying angles of attack ' a ' . The 
scatter grams plotted between observed and ANN estimated scour depths are shown in 
Fig.5.20 (Chapter 5-II). The closeness of data points to the line of best agreement 
indicates the accuracy of the ANN model in predicting the scour depths. The average 
values of correlation coefficient R^ between observed and estimated scour depths at 
front and rear piers for training and testing data sets are 0.9825 and 0.97 respectively. 
The values of rmse between observed and estimated scour depths for front and rear 
piers are 7.975x10* and 4.61x10' respectively. The higher values of R and lower 
values oirmse indicate the accuracy of ANN models in predicting the scour depth. 
(iv) Comparison of maximum scour depth at group of two piers and round-nose 
rectangular pier aligned at varied angles of attack without collar. 
Fig. 5.166 compares the maximum scour depths observed around the group of two 
piers without collar with those computed for round-nose rectangular pier without 
collar using the equation of Richardson and Davis (2001). It is noticed that except at 
zero degree angle of attack, group of two piers produces scour depths significantly 
shallower than those at round-nose rectangular pier at angles of attack ranging in 
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between 15° to 90°. The reason for the occurrence of deeper scour depth at group of 
two piers at zero angle of attack is the reinforcing effect of downstream pier, while the 
reason behind the occurrence of shallower scour depths at angles of attack ranging in 
between 15°to 90°, is the gape between the two piers which behaves like a slot 
through the pier in reducing the scour depth. It can also be observed that the scour 
depth at round-nose rectangular pier increases with angle of attack while at group of 
two piers, scour depth after approaching to a maximum at 45°angle of attack, 
decreases with an increase in angle of attack. The reasons for this variation of scour 
depth at group of two piers are the reinforcing effect of downstream pier, vortex 
shedding effect of upstream pier, effect of compression of horseshoe vortices between 
the two piers and sheltering effect of upstream pier. The combined effect, however, is 




- Group of tvwj piers without collar 
- Round nose rectangular collat without collar 
Angle of attack (degrees) 
Fig. 5.166 Comparison of scour depths at a group of two piers and a round nose rectangular pier 
without collar at varying angles of attack. 
Percent reduction in scour depth caused by the use of group of two piers as an alternative to 
a round-nose rectangular pier is plotted against angles of attack as shown in Fig. 5.167. 
Angles of attack (degrees) 
Fig. 5.167 Percent reduction in scour depth at group of two piers with respect to that at round-
nose rectangular pier without collar. 
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It can be noticed that at zero degree angle of attack, round-nose rectangular pier produces 
a scour depth about 21% lesser than that of group of two piers. However, as angle of 
attack increases beyond 15°, group of two piers as compared to round-nose rectangular 
pier, causes reasonably high percent reduction in scour depth. 
5.11.20 Efficiency of collar in scour depth reduction around a group of two piers 
The percentile of scour depth reduction due to the application of collar to the group of 
two piers is plotted against angles of attack ' a ' as shown in Fig.5.168. 
30 40 50 60 
Angle of attack(degrees) 
70 90 
Fig. 5.168 Percent reduction in scour depth with collar. 
The percent reduction in scour depth at front and rear piers with collar aligned at 0° angle 
of attack are 78.5% and 97.86% respectively. This reduction is mainly due to the fact that 
collar extends around the two piers which protects the bed from scouring effect of down-
flow at the base of the piers and the associated vortex action around the base of the piers. 
Moreover, as angle of attack approaches to 15°, the percent reduction at front and rear 
piers leftovers 64.89% and 74.86% respectively. Fig.5.168 shows that the percent 
reduction in scour depth decreases with angle of attack and leftovers only 21.88% when 
angle of attack approaches to 90°. 
5.11.21Coniparison between studies of Zarrati et. al. 2006 and present study on 
scour depth reduction efficiency of collar around two piers aligned in line with flow 
Zarrati et. al. (2006) applied a collar to a group of two circular piers. In comparison to the 
scour depths reported by Hannah (1978) for a group of two piers with x/b=2 (where x is 
clear spacing between the piers and b is the pier diameter) unprotected by collar and 
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aligned with the flow (see. Fig. 2.31, Chapter II), Zarrati et al. (2006) reported maximum 
reduction in scour depth at front and rear piers as 25% and 35% respectively. In present 
study the percent reduction in scour depth at front and rear piers with collar aligned at 0° 
angle of attack are achieved as 78.5% and 97.86% respectively. The percent reductions in 
scour depth in present study are higher than that of Zarrati et a/.(2006). The reason for 
these percentiles being higher than Zarrati et al. (2006) is ascribed firstly to the fact that 
the space between two piers which was covered with rip-rap by Zarrati et. a/. (2006), in 
present case is shielded by collar against the action of horseshoe vortices around the piers 
and wake vortices of front pier. Secondly, the test duration in present case is shorter as 
compared to that used by Zarrati et. al. (2006) in their experiments. Fig.5.168 indicates 
that the percent reduction in scour depth decreases with angle of attack and leftovers only 
21.88% when angle of attack approaches to 90°. Zarrati et al. (2006) also reported lowest 
scour depth reduction efficiency of collar at an angle of 90°. Moreover, for two piers 
aligned transverse to the flow, they observed slight increase in scour depth. 
5.11.22 Comparison of efficiency of collar applied to a group of two piers and 
a round nose rectangular pier 
Zarrati et al. (2004) studied the efficiency of collars on a round-nose rectangular pier. The 
reduction in the effectiveness of collar around a round-nose rectangular pier with an 
increase in angle of attack is reported by Zarrati et al. (2004). For a round-nose 
rectangular pier at 0° angle of attack with collar to pier width ratios W/b=2 and W/b=3, 
Zarrati et al. (2004) reported 17 % and 74% reduction in scour depth respectively. 
However, at 10°angle of attack the percentage of scour depth reduction corresponding to 
W/b=2 and W/b=3 is reported by Zarrati et al. (2004) as 10.5% and 35% respectively. 
Nonetheless, as angle of attach increases to 15°, the percent reduction in present case 
remains only 64.21% as compared to maximum reduction of 35% reported by Zarrati et 
al. (2006) at 10° angle of attack with W/b=2. 
5.11.23 Areal extent of scour 
Usuig the data collected in present study the areal extent of scour around two piers with 
and without collar are plotted as shown in Fig.5.169. It can be seen that areal extent 
around two piers is unsymmetrical except at a=0° and 90°. 
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The ratios of the areas of scour extent with collar to that without collar 'Ac/A' are plotted 
against angles of attack as shown in Fig. 5.169. 
It is observed that the area of scour extent with collar at 0° angle is about 67.5 % of that 
without collar. It is clear from Fig.5.169 that as the angle of attack increases, the 
effectiveness of collar in reduction of area of extent decreases. The lowest effect of 
application of collar on the reduction of area of scour extent is observed at an angle of 
45° where the area of scour extent with collar is 78.05% of that without collar. Beyond 
45° angle, the effectiveness of collar in the reduction of area of scour extent increases 
upto 75° angle. 




30 40 50 60 
Angle of attack (degrees) 
Fig. 5.169 Variation of area of scour extent around group of 41.5 mm diameter piers without 
collar relative to the corresponding area with collar 'A„ouicu/A^iihcoi' with angle of 
attack(where, A^ouicoi = (area of scour extent around 41.5 mm diameter piers group 
without collar and A^„hcoi = area of scour extent around 41.5 mm diameter piers 
group with collar). 
At angle of 90°, the effect of collar on the reduction of area of scour extent decreases 
where the area of scour extent with collar is 63.68% of that without collar. To understand 
the cause of variation in the relative values of area of scour extent, it is worth mentioning 
that the flow mechanism which changes with a change in the angle of attack is 
responsible. At 0° angle, the reinforcing effect of rear pier affects flow mechanism while 
at 90° angle; compression of horseshoe vortices between the two piers affects the flow 
mechanism. Between 0° and 90° angles, the flow mechanism is affected by the 
reinforcing effect of rear pier, shed vortex and shedding effects from front pier and 
compression of horseshoe vortices between the two piers, where some of these effects 
overcome the other in accordance with the change alignment of piers group. 
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5.11.24 Length of scour holes 
The lengths of scour hole at upstream face of two piers without collar are divided by the 
corresponding quantity of an isolated pier to obtain the relative length of scour hole and 
the same are plotted against angles of attack 'a' as shown in Fig. 5.170. 
It is observed that the length of scour hole at upstream face of front pier increases with 
angle of attack and reaches to a maximum at 45° angle. This increment in the length 
of scour holes is in accordance with the increase in scour depth, and the occurrence 
of maxima at 45° angle is due to the occurrence of maximum scour depth at this angle. 
40 
£ E 
<» o 30 
0 Upstream of front pier 
0 Upstream of rear pier 
20 30 40 50 
Angle of attack(degrees) 
70 80 90 
Fig. 5.170 Angle of attack versus relative length of scour hole at upstream face of 4.15 piers 
group without collar. 
Beyond angle 45°, the length of scour hole decreases and reaches to a minimum at 90°. This 
decrement is in accordance with the decrement of scour depth at angles greater than 45°. 
The relative lengths of scour holes at upstream face of rear pier decrease with angle of 
attack and reaches to a minimum at 90°. This decrease takes place due to the shifting of 
rear pier towards upstream due to an increase in angle of attack. At 90° angle, the lengths 
of scour holes at upstream faces of two piers are same. 
5.11.25 Length of scour hole at downstream face of two piers without collar 
To assess the effectiveness of use of piers group in reducing the length of scour hole, the 
lengths of scour holes at downstream face of two piers without collar are made 
dimensionless by dividing them by the corresponding quantity of an isolated pier of 4:1 
length width ratio to obtain the relative length of scour hole and the same are plotted 
agamst angles of attack as shown in Fig.5.171. 
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30 40 50 60 
Angle of attack (degrees) 
Fig. 5.171 Variation of length of scour hole at downstream face of piers in 41.5 mm piers group without 
collar with angles of attack Xj/i^ j/Is/j^ j,/(where Lsh,j) = length of scour hole at downstream of 
piers without collar, Lsh(di) = length of scour hole at downstream of an isolated pier). 
It is observed that the relative length of scour hole at the downstream face of the two piers 
increases with angle of attack. It is also observed that the values of relative length of 
scour holes of front pier are more than that of rear pier. The reason of such variation in 
the values of relative length of scour holes is the shifting of the location of rear pier with 
increasing angles of attack. At 90° angle, the lengths of scour holes at the downstream 
faces of two piers are same. 
5.11.26 Length of sediment deposition at the downstream faces of front and rear 
piers without collar 
The length of sediment deposition occurriiig at the downstream faces of front and rear 
piers with respect to the corresponding quantity at an isolated pier are plotted against 
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Fig. 5.172 Variation of length of sediment deposition at downstream face of piers in 41.5 mm 
piers group without collar relative to the corresponding length at downstream face of 
a 4.15 isolated round-nosed rectangular pier 'LdeplLdepi(rec)' (where Ljep = length of 
sediment deposition at downstream of piers without collar, Ldep,(rec) = length of 
sediment deposition at downstream of an isolated round nosed rectangular pier). 
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It is observed that upto 90° angle; the length of sediment deposition is same at two 
piers. As shown in Fig.5.172, the length of sediment deposition at the downstream 
face of front pier after increasing upto 45° angle, decreases upto 60° angle and then 
increases upto 90° angle. 
The length of sediment deposition occurring at downstream face of rear pier, after 
increasing upto 30° angle, decreases upto 60° angle and then increases upto 90° angle. It 
can be seen that the length of sediment deposition at downstream faces of fi-ont and rear 
piers are same at angles of 90°. It is also observed that the length of deposition remains 
more at the downstream face of fi-ont pier than that at downstream face of rear pier at all 
angles of attack except 0° and 90° angles. 
5.11.27 Length of Sediment Deposition at Downstream Face of Piers Group 
with Collar 
The length of sediment deposition occurring at downstream faces of front and rear piers 
with collar relative to the corresponding quantity without collar are plotted against angles 
of attack as shown in Fig.5.173. The length of sediment deposition occurring at 
downstream face of front and rear piers with collar is smaller than that without collar at 
all angles of attack. The change in flow mechanism with increasing angles of attack 
causes the variation in the length of deposition occurring at downstream face of front and 
rear piers with collar as shown in Fig.5.173. 
30 40 50 60 
Angle of attack (degrees) 
90 
Fig. 5.173 Variation of length of sediment deposition at downstream face of piers group relative 
to that of without collar 'LjepwJLjep^oc' with angles of attack (where Ljep(y,c) - length 
of sediment deposition with collar, Ldep (y,oc) = length of sediment deposition without 
collar). 
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5.11.28 Concluding remarks 
A bridge engineer has direct control over the geometry of his bridge foundation. He 
should, therefore, have an appreciation of the consequences of using different 
configurations, such as a circular, round-nose rectangular, streamlined piers or piers 
group. 
The combined results of all the experiments support very definitely the viewpoint that the 
depth of scour is strongly related to the degree of disturbance of the flow. Together with 
the length-width ratio, the angle between pier and flow is most important geometrical 
characteristic of a pier or pier groups. Only for piers or pier groups truly aligned with the 
flow can streamlining of shape of piers or pier groups be fiiUy effective 
Analysis regarding the variation of scour depth, area of scour extent, length and width 
of scour holes, slope of scour holes, length of sediment deposition, temporal variation 
of scour depth, and other scour details has been presented using the data obtained in 
present study and the data available for studies of earlier investigators. ANN models 
formulated in (Chapter VI) for the estimation of scour depth variation are verified 
with the help of experimental data. Using experimental data graphical relationships 
are established for the computation of above mentioned scour elements around bridge 
piers located in different arrangements. 
Though the group of two piers with collar as compared to a round nose rectangular pier 
produces significantly shallower scour depth at angles of attack greater than 0°, 
however, the debris may pose a problem at this group of two piers having two diameter 
spacing between them. Raudkivi and Ettema (1977) pointed out that debris might create 
a problem if spacing between the piers is less than five diameters. Moreover, in general, 
angles of attack greater than 15° should be avoided. 
CHAPTER - VI 
ANALYSIS OF RESULTS AND DISCUSSION BASED ON 
ARTIFICIAL NEURAL NETWORK APPROACH 
6.1 Evaluation of Mutual Interference of Bridge Piers on Scour Depth around 
Group of Piers Using /iiViV Based Modeling Approach 
The main objective of the present investigation is to evaluate the effect of mutual 
interference of bridge piers on local scour. In this chapter the various parameters affecting 
scour around pier groups are identified first. Then the functional relationships are worked 
out for the equilibrium depth aroimd group of bridge piers located in different 
configurations at varying spacing between them. Functional relationships are also worked 
out for the equilibrium scour depth at group of piers comprising of circular cylinders of 
varying sizes with and without a collar plate skirted aroimd them. Finally, based on 
artificial neural network modeling approach, scour depth estimation has been 
implemented. In order to prove the present experimental conditions, the data on local 
scour collected in the present study are compared with the values of depth of scour 
predicted from the available sources under comparable conditions. 
6.2 Parameters Affecting Local Scour around Group of Piers 
The relationship between the depth of local scour and the parameters which determine it, 
can be stated as 
ds=f [(fluid) (flow) (pier) (sedunent) (time) (pier spacing) (angle of attack)] 
1 2 3 4 5 6 7 
(1) In mechanics a fluid is defined by its density/?, kinematics viscosity v and 
temperature T. 
(2) The flow of a fluid is determined by its mean depth yo, flow velocity U, energy 
slope So, and the acceleration of gravity g which generates the flow. The slope So, 
which produces, through the component of gravity, the shear stress TQ to maintain 
the flow, is more suitably replaced by the shear velocity t/. =>/(gVo5'o) • 
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(3) The action of the pier is determined by the effective blockage it presents to the flow. 
A cylindrical pier is defined by its diameter b. Other shaped piers are specified 
relative to 6 in terms of a shape factor jj. The angle of the approach flow to the 
pier a modifies the effective width of the pier. The flow around a pier is also 
modified by the aspect ratio TJ^ of the pier to channel width. The extent of the 
secondary flow around a pier is determined by the size and form of the pier. 
(4) A layer of uniform cohesion less bed material of thickness h is described by the 
particle size distribution of sediment, values of its standard deviation cr^, specific 
gravity 5^, particle s\ze,d particle shape A^^and angle of repose of sediment^. 
(5) Scour is a dynamic process which seeks to establish a new equilibrium between the 
flow of the fluid and the resistance to motion of the bed particles, by the erosion of 
the flow boundary, the local scour deepens progressively with time t. 
(6) Local scour around a pier is influenced by the presence of another pier in its vicinity 
due to mutual interference of piers and thus the scour depth varies with pier spacing 
between the piers along direction of flow 'x' and across direction of flow, Zc. 
(7) Local scour is highly sensitive to orientation of piers in a pier group with respect to 
the direction of flow (i.e., the angle of attack to the flow, a). 
Local scour of cohesion less sediment at a bridge pier is thus described by the following 






For local scour around group of piers, following parameters are also considered. 
(Pattern of piers arrangement in plan) Tandem, lateral, staggered etc. 
Orientation of piers ^ 
with reference to 
flow direction a 
> 
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Radial pier spacing along angle of attack (R^) 
Pier spacing along direction of flow (x) or {X^) 
Pier spacing across direction of flow (Z^) 
Angle of attack (a) 
For group of piers with collar, following parameter are also considered. 
Collar width {WJ 
Collar elevation (H^) 
Orientation of collar (a) 
The large number of interacting parameters make the analysis of the local scour of bed 
sediment around a bridge pier very difficult. This has forced the researchers to the use of 
dimensional analysis. However, the dimensional analysis is only a technique for the grouping 
of variables, and yields in itself no information. The fimctional relationship between the 
dimensionless parameters have to be obtained from experiments, but when the number of 
dimensionless parameters is large, severe experimental problems arise. Frequently, in 
experimental studies of local scour around a bridge pier, the influence of a particular 
parameter is obscured or modified by the effects of other parameters. This has resulted in 
some quite diverse interpretations of the influence of certain parameters on the development 
of local scour around a pier. With this view point, it is in^erative in experimental studies to 
hold all variables constant except one the effect of which is to be studied. 
6.3 Equilibrium Scour Depth around a Group of Bridge Piers Founded in Cohesion 
less sediment 
Due to the complex nature of the interaction among the flow, pier and sediment, the 
process of local scour is generally studied with the help of experiments. It is clear from 
the literature in Chapter II that the depth of scour 'ds' around the pier can be expressed as 
a function of the independent variables: 
d,=f(u,g,U„l,b,a,K^yo,d,o,Ps,(TgAed^B^,So,K^,C,p,v,t,b^,K^,x,Z^,Rf,) (6.0) 
Where, 
ds = maximum depth of scour around a bridge pier; f/= mean velocity of approach flow; 
g = gravitational acceleration, U, = shear velocity; b = characteristic size of pier; / = pier 
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length parallel to the approach flow; a = angle of approach flow with respect to the pier 
axis; Ks = factor mdicating the effect of pier shape; yo = depth of approach flow; d^^, = 
median sediment size; p^ = relative density of sediment, (7^= geometric standard 
deviation of particle size distribution; hsed - thickness of sediment layer, 5c = channel 
width; 5o = channel bed slope; A/ = factor indicating the effect of grain shape; C = 
cohesion of bed material; p = density of water; v = Kinematic viscosity of water, t = 
duration of flow, b^ =b^^ Ibj^ = pier size ratio for tandem arrangement of piers, Kg = 
factor indicating the group effect of piers; x = clear longitudinal spacing between the 
piers; Z^  = center to center lateral spacing between the piers and i?^  = radial spacing 
between two piers aligned in staggered arrangement. 
When the pier is protected by using a collar plate, width of the collar plate W^ and its 
elevation above the initial bed level 7/^  are the additional variables to be considered 
for the estimation of scour depth around the piers group. The relationship (6.0) then 
modifies to: 
d,=f\lJ,g,U,,LXa,K^y,,d,,,p,,a^,h,B,,S,,KfX,P,yJA^K^^x^2^,Rt,K,H,Y6A) 
The parameters influencing the local scour around a smooth cylindrical pier in cohesion 
less uniform spherical sediment under uniform flow condition can be assembled in a 
number of dimensionless terms. Dimensionless terms can be determined by using 
Buckingham's ji theorem (Shames, 1992). 
It can be argued that p^in itself is not as significant as is its submerged weight, 
f=g{p,-p), which gives a measure of the buoyancy forces acting on a particle. 
Substitutmg, f for p^ and rearranging the dimensionless terms, the following expression 
is obtained under the assumption of a smooth, vertically mounted pier over a uniform 
non-cohesive bed material having a constant shape factor and density in a wide, 
prismatic, straight and smooth channel with no significant bed factor: 
ys=f\\y,F,Fj,F^,RQj,RQt„P^,T],T]^,r]^,t^,l3,a^,L^,Z^,a,b^,<l>,SQ,R^^^^W^,H^) (6.2) 
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Where, ^^=6?^ / 6 (relative scour depth); y = >^o / 6 (relative approach flow depth); 
F-U/.yJgyo is the Froude number of the approach flow;F^ ={pU^ lfd^Q)\s, the particle 
Froude number; F/, =U/-y/gb is the pier Froude number; Re^ =6^0/vis the flow 
Reynolds number; Ret,=Ub/vis the pier Reynolds number; P^=L/bis pier length to 
pier width ratio; TJ=U,/U or U/U/is the flow intensity; z/, is the pier shape factor; TJ2 -
B/bis the aspect ratio of pier to chaimel width; t^=Utlb is the time parameter; p=bl d^^ 
is pier size to sediment size ratio, cr^  is the geometric standard deviation of particle size 
distribution;!,^ =x/6is the relative longitudinal pier spacing; Z^=Zclb is the center to 
center lateral relative pier spacing; a is the angle of attack of flow and b^ =6„^ /bj„ is the 
pier size ratio for tandem arrangement of piers, ^ is angle of repose of grains, 5*0 = 
chaimel bed slope, iJ^ ^^ , =^4/^ is the relative radial spacing between two piers in 
staggered arrangement, W^=WJbis the relative collar width and//^=//^/>'ois the 
relative elevation of collar plate above the original bed level. 
Experimental studies have been conducted by considering only certain aspects of the 
problem and accepting the other parameters to be constants (Yanmaz and Ahinbilek, 
1991). Therefore, the number of dimensionless terms can then be reduced by considering 
the relative importance of the terms. 
For a case with a constant bed slope, the term TJ=UJU is a function of y^ only. So, its 
variation is treated in the term>'=>'„ /b. Further, it can be argued that UJU'm present 
study is practically constant at 0.95, therefore, the term T]=UJUcan be dropped. 
Because the condition b/d^Q<25is unlikely to occur in practice (Melville, 1997), the 
effect of fi=b/d^f^term is neglected. The effect of viscosity is considered negligible for 
the highly turbulent flow in the scour process so that the term Re^ , =Ub/y can be dropped. 
Since the present study is related to sand m water, the term (pU^ Ifd^^Yis in effect a 
particle Froude number Fj =U/yjgd^. For given velocity, flow depth and sediment size, 
flow Froude number F and particle Froude number F^ differ only by a constant, indicating 
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that one of the term is redundant. The terms i?^ ,^ F, F^and ^ can be dropped as these are 
constants for constant flow depth, flow velocity and same sediment conditions used in 
present study. The aspect ratio of channel width to pier width, r|2 m present study is 
greater than 8.0 (Shen et. al , 1966), the influence ofrj^, therefore, can be neglected. Since 
circular piers are used in present study, the terms P^ and 77, can also be neglected. 
Smce all the experiments were nm at yg/b> 2.6, the term y can be dropped. As two 
sizes of piers in tandem arrangement are used, the term b^ is constant and thus can be 
dropped. As all the experiments were run at same flow condition, F^ can be neglected. 
Since the experiments at piers group were run with single size collar placed at original 
bed level, the terms W^ and H^ can be dropped. Furthermore, as the relationships for the 
estimation of scour depth for piers group are developed m terms of the scour depth at an 
isolated pier, the term F^ can be dropped. 
Thus the relationship (6.2) modifies to 
ys=f2iL,,Z^,a,b,Rt(rvt^) (6.3) 
The equations (6.3), (6.2) and (6.1) represent a general functional relationship for all 
phases of present study. The functional relationships for each of these phases are then 
obtained separately for the same sediment and flow conditions. 
6.4 Scour Depth Estimation Using Artificial Neural Network {ANN) Based Modeling 
Approach 
The depth of scour is an important parameter in determinmg the minimum depth of 
foundations as it reduces the lateral capacity of the foundation. It is for this reason that 
extensive experimental mvestigation has been carried out to understand the complex 
process of scour around group of piers and to determine the method of estimating the 
scour depth for various piers group arrangements. 
It is extremely difficult to formulate mathematical models that accurately represent the 
scour process and geometry of scour hole, which develops under the influence of three 
dimensional flow around a bridge pier. Thus it is a common practice to apply empirical 
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relationships based on laboratory data for estimation of the scour around piers. Since 
there are numerous effective parameters, and the interaction of these parameters is highly 
complicated, the accuracy of the empirical relationships is very subjective and highly 
depends on the user's ability and knowledge. An artificial neural network, on the other 
hand, is an applicable and powerful tool to solve this problem. In addition, it has ability to 
learn from examples and to generalize its learning which makes it well suited to situations 
where the problem complexity precludes the development of empirical relationships. 
A number of empirical relationships have been developed to estimate equilibrium scour 
depth at a single bridge pier namely; Laursen and Toch (1956), Shen et. al. (1969), Hancu 
(1971), Melville (1975), Hjorth (1975), Breausers et. al. (1977), Ettema (1980), baker 
(1981), Melville and Sutherland (1988), Dey (1997), CSU (2001), Melville and Chew 
(1999) and Sheppard (2004). Each of these relationships varies significantly, highlighting 
the fact that there is a lack of knowledge in predicting scour depth and that a more 
universal solution would be beneficial. 
Smce conventional scour depth predictive empirical formulae are not able to provide 
sufficiently accurate results, an alternative approach namely; ANN based scour depth 
estimation has been implemented in the present study. The ANN based scour depth 
modelling approach is utilised to examine the usefulness of the approach for accurately 
estimating the scour depth from the experimental data. As all the factors affecting 
scouring at a circular pier (namely, pier shape, pier size, sediment size depth of flow, 
velocity of flow, discharge, flume), except pier spacing — or —- or —^ or —^  or 
angle of attack'or'are same for the mutually mteracting piers, pier spacing or the angle of 
attack is only the dependent variable used in modeling for evaluating the effect of mutual 
interference of piers on local scour. Therefore, in this approach, scour depth is estimated 
by keeping all other scour affecting parameters constant, and taking into account only the 
effect of pier spacing for different pier arrangements {i.e., tandem, lateral, and staggered 
pier arrangement) and taking into account only the effect of angle for piers group aligned 
at an angle of attack to the flow direction. Emphasis has been laid on derivation of 
optimal neural network architecture capable of producing scour depth estimates with 
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desired accuracy through the use of only one input variable i.e., the pier spacing, 
^XA (Z\ (RA 
or 
Kb J or Vb or b) 
orangle of attack((a). 
A general framework of the methodology adopted for the development of ANN based 
scour depth estimation approach is described and the steps involved are: 
(i) Selection of input and output variables 
(ii) Data normalisation 
(iii) Design of yi AW architecture 
(iv) Training of ANN 
(v) Processing of unseen data 
(i) Selection of input and output variables 
Only a single input variable i.e., the pier spacing, — or 'xA 
b J 
(Zc 
or — or 
'RA 
b) 
orangle of attack (or) that may have an effect on the scour depth around a group of piers 
placed in different pier arrangements, has been selected. Several neural networks 
architectures each for different pier arrangement have been designed in such a way that 
^xA fzA (RA 
these have pier spacing. 
^x^ 
\oj 
or Kb or Kb J or Ko J 
as input variable and scour depth 
'ds'a&dxv output/target variable. 
(ii) Data normalisation 
The data corresponding to input variables acquired from laboratory experiments have 
been scaled from 0.1 to 0.9 before being input to ANN, using the following equation: 
X^ =0.1 + 0.8x 
K^mnx. J 
(6.4) 
Where, X^^ is the normalised dimensionless variable, X. is the observed value of the 
variable and X^^ is the maximum value in the data set. The significance of normalisation 
is to restrict the weighted sum at any computational neuron within limits so as to avoid 
large numerical error in the computation of logistic nonlinear output fiinction. 
291 
(iii) Design of/lAW architecture 
In order to design an optimal ANN architecture, the number of units in the input and 
output layer are defined according to input i.e., the pier spacing, 
^z\ (R: 
- or —^ b) U J or 
or 
V o y 
_b 
I 
or angle of attack (or) and an output variable {i.e., scour depth'^5') 
b ) 
respectively. So as to keep the architecture simple, a single hidden layer has been 
considered. The optimum number of neurons of the hidden layer has been determined by 
trial and error. Altogether, 26 neural network architectures for the data corresponding to 
each of the pier arrangement are designed. 
The data have been partitioned into two sets, one each for training and validation of 
neural networks. Care has been taken that each subset contained a complete and equal 
representation of the input and output variables that were used to develop and test the 
approach. Therefore, about 70% of the entire data set has been used for training whereas 
remaining 30% has been kept for testing. 
(iv) Training of ANN 
The neural networks have been trained using the well known feed forward back 
propagation learning algorithm available in the MATLAB neural network toolbox. The 
logistic sigmoid function has been used as the transfer fimction. Both training and testing 
data are put through the training process. The connection weights, bias and the number of 
neurons in the hidden layer (can be interpreted as the ANN model parameters) are 
adjusted during the training process through minimisation of root mean square error 
irmse) usmg the Trainlm fimction based on the Levenberg-Marquardt method. For each 
ANN architecture, the training process is repeated starting fi-om mdependent initial 
condition ensuring selection of the best performing network. The trend of decrease in 
rmse over training and testing data sets has been used to decide the optimal training. 
Initially, errors on both the training and the testmg data decrease over a number of 
iterations until they reach a constant minimum value for all the trained neural networks. 
The training is stopped at a point when the least difference between the training and 
testing data error has been observed. This has been done to avoid overtraining of the 
292 
network. The number of hidden neurons has been varied from 1 to a maximum of 15 with 
an increment of 1. Similarly, the learning rate has also been changed in a defined range 
from 0.001 to 0.5 at an increment of 0.001. These trials have led to the identification of 
the best neural network architectures for a given data set. After training of each ANN, the 
fmal values of learning rate, number of iterations needed for training and number of 
neurons in the hidden layer were attained and are tested in Table 6.1. 
(v) Processing of unseen data 
The trained networks have been used to process the unseen data in the form of validation 
data. The neural network results are thus analysed to examine the usefiilness of ANN based 
modelling approach to estimate scour depth at varying pier spacmg and pier arrangement. 
6,5 Analysis of Results Obtained from ANN Based Modeling 
The ANN based modelling approach was implemented with the objective of exploring an 
alternative method of estimating scour depth without involving complicated equations 
and theories. Only single input variable viz. pier spacing, 
V b 
x^ fxA fz. 
or or — or 
—^ for pier groups aligned with the flow or angle of attack 'a ' for pier groups 
misaligned with the flow, was selected to train the several created neural network 
architectures for different pier arrangements while, the rest (e.g., hydraulic and sediment 
parameters) were kept constant. Thus, in all, a total of 26 ANN architectures were trained 
and tested. These architectures are shown in Figs.6.1 to 6.10. The fmal adjusted weight 
values of trained networks are also shown in Figs. 6.1 to 6.26. Table 6.1 shows the details 
of ANN architectures (e.g., input, output and hidden layer, number of iterations and 
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Fig. 6.1 ANN architectures for two piers in tandem arrangement 
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Fig.6.10 ANN architectures for a group of two piers with and without collar 
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The analysis of results obtained &om. ANN based modeling approach was also carried out 
in terms of the R^ and rmse values between the estimated and observed scour depth values 
and are given in Table 6.2. 
These results reveal that for training, testing and validation sets, all the neural networks 
trained with the data having pier spacing or angle of attack as the input produced higher 
R^ and lower rmse values of the order ~ 0.99. Also, almost all the neural networks trained 
required relatively equal number of iterations to reach the global minima. 
Scatter plots between observed and estimated scour depths; for ANN trained with pier 
spacing and angle of attack were dravra for the data obtained from present experiments. 
These scatter plots are shown in Figs. (6.11 to 6.20). A symmetric distribution of the data 
around the line of best agreement in training, testing and validation for all the 
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• Best agreement 
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Observed scour depth 'ds/ds,' 
(b) 
Fig.6.11 Scatter plots between neural network estimated and observed scour depth for training 
and testing data set for two piers in tandem arrangement (a) Front pier (b) Rear pier. 
Fig. 6.11 to 6.20 Scatter plots between neural network estimates and observed scour 
depths for traming and testing data set of two same size piers placed in tandem 
arrangement. 
Thus, scour depth estimated from ANN based modelling approach would be immensely 























o Training data 
• Testing daya 
Best agreement 
1 1.05 1.1 1.15 1.2 





























0.6 0.7 0.8 0.9 1 1.1 1.2 















+.• (0 E 






o Training data 
• Testing data 
Best agreement 
0.8 0.9 1 1.1 1.2 


























0 8 0.85 0.9 0.95 1 


















/ • ' 
• • 0 Training data 
0 - " • Testing data 
fi' Best agreement 
• 
0.7 0.8 0.9 1 
Observed scour depth 'ds/ds,' 
(e) 
Scatter plots between neural network estimated and observed scour depth for training 
and testing dataset for three piers tandem arrangement (a) Front pier (b) Middle pier 
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(c) 
Fig.6.13 Scatter plots between neural network estimated and observed scour depth for training 
and testing data set for [6.6 cm pier (Big pier) at front and 3.3 cm pier (small pier) at rear] 
























O Training data 
• Testing data 
Best agreement 
1 1.05 1.1 1.15 1.2 1.25 1.3 
























OR^= 1.0000 sS>' 




.' Q' O Training data 
• Testing data 
Best agreement 
' U O 4P' ' ' ' 
IJ3-C.3 ( ) • • 0.3 0.6 0.9 1.2 1 
•0.3 1 
































0.7 0.8 0.9 1 























0.8 1 1.2 1.4 
Observed scour depth 'ds/ds,' 
(d) 
Fig. 6.14 Scatter plots between neural network estimated and observed scour depth for training and 
testing data set for [3.3 cm pier (small pier) at front and 6.6 cm pier (big pier) at rear] in 
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(c) 
Scatter plots between neural network estimated and observed scour depth for training 
and testing dataset for three piers in staggered arrangement (a) Upstream piers 
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(b) 
Scatter plots between neural network estimated and observed scour depth for training 
and testing dataset for two piers aligned at constant radial spacing R/b and varying 
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(b) 
Fig. 6.18 Scatter plots between neural network estimated and observed scour depth for training 
and testing dataset for two piers aligned at constant angle of attack and varying radial 
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(c) 
Fig. 6.19 Scatter plots between neural network estimated and observed scour depth for training and 
testing dataset for a group of two piers aligned at various angles of attack with and without 
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(b) 
Fig. 6.20 Scatter plots between neural network estimated and observed scour depth for training 
and testing dataset for a group of varying sized cylinders aligned at various angles of 
attack (a) Without collar (b) With collar. 
CHAPTER - VII 
CONCLUSIONS AND FUTURE SCOPE 
7.0 General 
Rapid larbanization and increased traffic volume is identified as a major problem which 
results in frequent traffic jams due to which traffic movement is halted which causes 
enormous economical losses and consequently affects adversely the development of the 
country. In such eventuality construction of new bridges in the proximity of existing ones 
is found to be imminent to facilitate efficient and smooth traffic movement. 
There are limitations of spacing between existing and new bridges due to the problem of 
land acquisition. In that context, the scour depth and bed configuration pattern around the 
existing and new bridges need to be examined. Furthermore, for geo-technical and 
economical reasons, pier groups have been more and more popular in bridge design. 
Thus, there are many conditions in the field in which multiple piers are to be provided in 
bridges at short spacings. 
The main objective of the present experimental investigation was to study the effect of 
mutual interference of bridge piers on local scour. The mutual interference is dependent 
on the pattern of placement of piers in the riverbed, and it was, therefore, decided first to 
study the local scour at a single pier so as to form a base against which the effect of 
mutual mterference of bridge piers could be evaluated. This task was accomplished by 
collecting relevant local scour data through carefully controlled experiments conducted 
on piers placed in various arrangements. On the basis of these scour data, the scour depth 
at piers placed in different patterns of arrangement was then modeled. In addition, models 
were developed for the prediction of scour depth at pier groups with and without collar 
installed around them; to investigate the means for scour depth mitigation. 
The conclusions arrived at in the study are summarized below 
From exhaustive literature survey on pier scour it is found that the problem of local scorn-
around bridge piers received a lot of attention in the past from theoretical and constructive 
point of view in an attempt to quantify the equilibrium depth of scour, however, aknost 
all the equations have been derived for the case of a single pier. 
308 
In the light of above discussion it can be concluded that if a bridge pier is merely designed 
based on the method of design for single pier, it may lead to the bridge failure because 
mutual interference of several piers can enhance the scour depth at the piers. Considerable 
engineering judgment must therefore, be used when estimating the depth of scour around 
group of piers in order to achieve a satisfactory and also a cost-effective design. 
Extensive data on local scour like, scour depth, areal extents of scour, scour depth profiles 
along and across flow direction, lengths and slopes of scour holes at upstream and 
downstream faces of piers, width of scour holes, length of sediment deposition at 
downstream face of piers and temporal scour depth variation, were collected through 
experiments for different pier arrangements. 
Two modeling approaches namely graphical relationships based approach and ANN 
based approach, have been developed and implemented for the evaluation of effect of 
mutual mterference of bridge piers on local scour. The results from both, the experimental 
based approach as well as ANN based approach, were found to be in close agreement 
with each other (R^~0.96-0.99). 
The results reveal that for training and testing data sets, all the neural networks trained, 
produced higher R^ and lower RMSE values of the order -0.99. Also, ahnost all the 
neural networks trained required relatively equal number of iterations to reach the global 
minima. 
Application of ANN on author's experimental data produces good estimate of scour depth 
at pier groups arranged in different patterns and these results are well comparable with 
existing published data of Hannah (1978), Chabert and Engeldinger (1956), Richardson 
et.. al. (1993) and Zarrati et. a/. (2006). The correlation coefficient R^  between observed 
and ANN estimated scour depths represents the predictive ability of ANN models. 
In the case of two piers in tandem arrangement, the scour depth at front pier gets 
enhanced by 17% at pier spacing x/b=1.5 and scour depth at rear pier gets reduces by 33 
% at pier spacmg x/b=12.5.as compared to the scour depth at single pier. Based on these 
findings it is suggested that the rear pier in tandem arrangement should be placed at 
x/b=\1.5 to achieve economy in pier design. 
309 
In the case of three identical circular piers placed in tandem arrangement, the scour depth 
at front and middle piers increases by 11% and 15.5% respectively whereas at rear pier 
gets reduced by about 33.5%, as compared to that of a single pier. These findings 
suggest that the middle pier be placed at clear pier spacing of x/l&=15 from front and 
rear piers to for economical design of pier. 
In the case of big pier at front and small pier at rear placed in tandem arrangement, the 
maximum scour depth at big pier at pier spacing x/b=0, is slightly less than that at single 
big pier, while the scour depth at big pier gets enhanced by 7.15 % as compared to that of 
a single big pier at pier spacing x/b=\0. The scour depth at small pier relative to that of 
single small pier becomes 1.35 times deeper at x/b=0 and 0.57 times shallower at x/b=35 
Based on these findings, it is suggested that small pier at rear of big pier be placed 
at x ^ 3 5 for economical design of pier. 
In the case of small pier at front and big pier at rear placed in tandem arrangement, the 
maximum scour depth at small pier at x/ft-O gets enhanced by 28.5 % as compared to that 
at an isolated small pier, however, the scour depth at big pier gets reduced by 23% at the 
same pier spacing. As compared to an isolated pier, the scour depth at big pier at x/b= 5 
gets reduced by 37%. These findings suggest that big pier at rear be placed at x^=5 
from small front pier to economy in pier design. 
At zero lateral pier spacing, the scour depth is 1.95 times of that occurring at an isolated 
pier. At lateral pier spacing of one pier diameter, though the scour depth at two piers 
quickly decreases, nevertheless, it remains 21 % higher than that of an isolated pier. At 
lateral pier spacing of 8 times the pier diameter, although, the scour depth at two piers 
becomes same as that of an isolated pier, but the size of the scour holes are not identical 
to that for an isolated pier. These findings suggest that the two piers should be placed 
at lateral pier spacing Zc/b>%. 
When two piers on upstream normal to the flow and one pier in the middle on downstream 
are placed in staggered pattern at Xc/6=10, scour depth at upstream and downstream piers 
gets enhanced by 12.5% and 40.5% as compared to that at an isolated pier respectively. 
However, at Xc/b=40, the scour depth at downstream pier gets reduced by 17.1% as 
compared to that at an isolated pier. It can, therefore, be concluded that the pier at 
downstream of upstream piers should be placed at 40 pier diameter spacing. 
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In the case of two piers placed at constant angle of attack of a =45° and radial pier 
spacings R/b=0, the scour depth at this piers group gets enhanced by 12% as compared to 
that occurs at the same piers group aligned normal to the flow at Zc/b=0. However, when 
R/b =1, the scour depths at upstream and downstream piers get enhanced by 35% and 
38% as compared to that occur at an isolated pier respectively. These findings suggest 
that the downstream pier should be placed at 6<R/b<l2 for economical piers design. 
In the case of two piers placed at constant radial pier spacing R/b=5 and angle of attack 
a =0°, scour depth at upstream and downstream piers equals to 1.1 and 0.96 times of that 
occur at an isolated pier respectively. When a becomes 45°, scour depths at upstream 
and downstream piers get enhanced by 17.4% and 24.1% as compared to the scour depth 
of an isolated pier respectively. At a =90°, the scour depths of two piers become equal 
but are 4.5% higher than that at an isolated pier. These findings suggest that the 
downstream pier be placed at a < 15° as various hydraulic effects interplaying 
between the two piers have little impact on scour depth at downstream pier, 
however, the scour depth at upstream pier gets affected and increases about 10 % 
higher than that at an isolated pier. PUcement of rear pier at a=45° in any case, 
should be avoided as the scour depths at front and rear piers are found to be 
maximum at a =45°. 
In the case of piers group comprising of varied sizes of piers without collar at a =0°, a 
reduction of 44% in the scour depth as compared to single pier of diameter equal to the 
diameter of the largest cylinder used in this pier group, is achieved. The use of this pier 
group without collar upto or =10° is found to be very effective as its use reduces the scour 
depth by 33% as compared to single pier of diameter equal to the diameter of largest 
cylinder used in this pier group. It is worthwhile to mention that the use of this pier group 
without collar as compared to an equivalent round nose rectangular pier of same length to 
width ratio as that of piers group, produces 43 % reduction in scour depth upto 7.5°angle 
while 30% and 4.5 % at or =15° and or =30° respectively. Application of collar to this 
pier group produces 100% reduction in the scour depth upto 7.5° angle of attack. 
However, at a =30° reduction in scour depth decreases to 42%. These results suggest 
that the group of varied size piers with collar should not be aligned at an angle of 
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attack more than 15° to achieve economy in pier design as the scour depth upto 
a =15° is substantially low. 
In the case of a group of two circular piers of 41.5 mm diameter without collar at a =0° 
the scour depth of front pier enhances by 10% as compared to that of single 41.5 mm pier 
while at a =45°, scour depth of front pier increases by 17.7%. At a =90°, the scour depth 
at the two piers is found about 16% higher than that of single 41.5 mm pier. Application 
of a collar to this pier group yields excellent results for smaller angles of attack. The 
maximum reduction in scour depth with collar relative to that without collar at 0° angle is 
found to be 78.57%. However, an increase in angle of attack reduces the scour depth 
reduction efficiency of collar. At a =90°, the percent reduction leftovers only 23.07%. 
Use of this pier group as an alternative to an equivalent round nose rectangular pier 
without collar at a =0° produces a scour depth about 0.89 times of that occur at an 
isolated roimd-nosed rectangular pier of the same length to width ratio as that of the pier 
group. These results are well comparable with the findings of Zarrati et. al. (2006). These 
results suggest that the group of two piers with collar should be used instead of a 
rectangular pier to reduce the scour depth and achieve economy in pier design. 
These findings acquired in present investigation suggest that the group effect of 
piers on local scour is highly significant and should be properly incorporated in the 
pier design. The results of this study constitute a methodology for realistic 
estimation of scour depth at group of bridge piers and impact of mutual interference 
of bridge piers on local scour. The study is expected to provide a valuable record 
and practical guidance for tackling the problems of pier group local scour. 
7.1 Scope for future studies 
It v^ll be interesting to extend the study on piers arranged in various patterns for live-bed 
scour under varied flow, sediment and pier conditions. 
In the present study on bridge pier protection against scouring, although, good results are 
achieved by applying a collar to groups of pier; nevertheless, the study can be extended 
for varied size collars. 
Additional data on local scour around group of piers placed in various arrangements by 
conducting longer duration tests are needed to further fortify/strengthen the results. 
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